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XSOV I delivered a course of lectures on the Tides 
tirie Xowell Institute in Boston, Massachusetts, and 
book contains the substance of what I then said. 
m personal forna of address appropriate to a lecture 
X tlrink, apt to be rather tiresome in a book, and 
'Xcti've therefore taken pains to eliminate all traces 
tXie lecture from what I have written. 

-A. mathematical argument is, after all, only 
K^xiised common sense, and it is well that men of 
iciiOLce should not always expound their work to the 
W beliind a veil of technical language, but should 
omcL time to time explain to a larger public the 
assorting which lies behind their mathematical nota- 
Dxr. To a man unversed in popular exposition it 
30<is a. great effort to shell away the apparatus of 
.•vestigation and the technical mode of speech from 
i.e tiling behind it^ and I owe a debt of gratitude to 
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Mr. Lowell, trustee of the Institute, for having 
afforded me the occasion for making that effort. 

It is not unlikely that the first remark of many 
who see my title will be that so small a subject as 
the Tides cannot demand a whole volume ; but, in 
fact, the subject branches out in so many directions 
that the difficulty has been to attain to the requisite 
compression of my matter. Many popular works on 
astronomy devote a few pages to the Tides, but, as 
far as I know, none of these books contain explana- 
tions of the practical methods of observing and pre- 
dicting the Tides, or give any details as to the degree 
of success attained by tidal predictions. If these 
matters are of interest, I invite my readers not to 
confine their reading to this Preface. The later 
chapters of this book are devoted to the consideration 
of several branches of speculative Astronomy, with 
which the theory of the Tides has an intimate rela- 
tionship. The problems involved in the origin anct 
history of the solar and of other celestial systems 
have little bearing upon our life on the earth, yet 
these questions can hardly fail to be of interest to all 
those whose minds are in any degree permeated by 
the scientific spirit. 

I think that there are many who would like to 
understand the Tides, and will make the attempt to 
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CHAPTER I 

TIDES AND METHODS OF OBSEEVATION 

The great wave caused by an earthquake is often 
described in the newspapers as a tidal wave, and the 
same name is not unfrequently applied to such a short 
series of enormous waves as is occasionally encountered 
by a ship in the open sea. We must of course use 
our language in the manner which is most con- 
venient, blit as in this connection the adjective ‘ tidal ’ 
implies simply greatness and uncommonness, the use 
of the term in such a sense cannot be regarded as 
appropriate. 

The word ‘ tidal ’ should, I think, only be used when 
we are referring to regular and persistent alternations 
of rise and fall of sea-level. Even in this case the 
term may perhaps be used in too wide a sense, for in 
many places there is a regular alternation of the wind, 
which blows in-shore during the day and out during the 
night with approximate regularity, and such breezes 
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alternately raise and depress tlie sea-level and thus 
produce a sort of tide. Then in the Tropics there is 
a regularly alternating, though small, periodicity in 
the pressure of the atmosphere, which is betrayed by 
an oscillation in the height of the barometer. Now 
the ocean will respond to the atmospheric pressure, 
so that the sea-level will fall with a rising barometer 
and rise with a falling barometer. Thus a regularly 
periodic rise and fall of the sea-level must result from 
this cause also. Again, the melting of the snows in 
great mountain ranges, and the annual variability 
in rainfall .and evaporation, produce approximately 
periodic changes of level in the estuaries of rivers, and 
although the period of these changes is very long, 
extending as they do over the whole year, yet from 
their periodicity they partake of the tidal character. 

These changes of water level are not, however, tides 
in the proper sense of the term, and a true tide can 
only be adequately defined by reference to the causes 
which produce it. A tide, in fact, means a rising and 
falling of the water of the ocean caused by the attrac- 
tions of the sun and moon. 

Although true tides are due to astronomical causes, 
yet the effects of regularly periodic winds, variation 
of atmospheric pressure, and rainfall are so closely 
interlaced with the true tide that in actual observation 
of the sea it is necessary to consider them both together . 
It is accordingly practically convenient to speak of any 
regular alternation of sea-level, due to the wind and 
to the other influences to which I have referred, as a 
Meteorological Tide. The addition of the adjective 



CH. I 


DEFINITION OF ‘TIDE 


3 


‘ meteorological ’ justifies the use of the term ‘ tide ’ in 
this connection. 

We live at the bottom of an immense sea of air, 
and if the attractions of the sun and moon affect the 
ocean they must also affect the air. This effect will 
be shown by a regular rise and fall in the height of 
the barometer. Although such an effect is undoubtedly 
very small, yet it is measurable. The daily heating 
of the air by the sun and its cooling at night produce 
marked alternations in the atmospheric pressure, and 
this effect may by analogy be called an atmospheric 
meteorological tide. 

The attractions of the moon and sun must cer- 
tainly act not only on the sea but also on the solid 
earth ; and, since the earth is not perfectly rigid or 
stiff, they must produce an alternating change in its 
shape. Even if the earth is now so stiff that the 
changes in its shape escape detection through their 
minuteness, yet such changes of shape must exist. 
There is much evidence to show that in the early 
stages of their histories the planets consisted largely 
or entirely of molten rock, which must have yielded 
to tidal influences. I shall, then, extend the term ‘ tide ’ 
so as to include such alternating deformations of a 
solid and elastic, or of a molten and plastic, globe. 
These corporeal tides will be found to lead us on to 
some far-reaching astronomical speculations. The 
tide, in the sense which I have attributed to the term, 
covers a wide field of inquiry, and forms the subject of 
the present volume. 

I now turn to the simplest and best known form 
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of tidal phenomena. When we are at the sea-shore, 
or on an estuary, we see that the water rises and falls 
nearly twice a day. To be more exact, the average 
interval from one high-water to the next is twelve 
honrs twenty-five minutes, and so high-water falls 
later, according to the clock, by twice twenty-five 
minutes, or by fifty minutes, on each successive day. 
Thus if high-water falls to-day at noon, it will occur 
to-morrow at ten minutes to one. Before proceeding, 
it may be well to remark that I use high-water and 
low-water as technical terms. In -common parlance 
the level of water may be called high or low, accord- 
ing as whether it is higher or lower than usual. But 
when the level varies periodically, there are certain 
moments when it is highest and lowest, and these will 
be referred to as the times of high- and low-water, or 
of high- and of low-tide. In the same way I shall 
speak of the heights at high- and low-water, as de- 
noting the water-level at the moments in question. 

The most elementary observations would show 
that the time of high-water has an intimate relation- 
ship to the moon’s position. The moon, in fact, passes 
the meridian on the average fifty minutes later on 
each succeeding day, so that if high-water occurs so 
many hours after the moon is due south on any day, 
it will occur on any other day about the same number 
of hours after the moon was south. This rule is far 
from being exact, for it would be found that the 
interval from the moon’s passage to high-water differs 
considerably according to the age of the moon. I 
shall not, however, attempt to explain at present how 
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this rough rule as to the time of high-water must be 
(jualified, so as to convert it into an accurate state- 
ment. 

But it is not only the hour of high-water which 
changes from day to day, for the height to which the 
water rises varies so conspicuously that the fact could 
not escape the notice of even the most casual observer. 
It would have been necessary to consult a clock to 
discover the law by which the hour of high-water 
changes from day to day; but at the sea-shore it 
would be impossible to avoid noticing that some rocks 
or shoals which are continuously covered by the sea 
at one part of a fortnight are laid bare at others. It 
is, in fact, about full and new moon that the range 
from low- to high-water is greatest, and at the moon’s 
first or third quarter that the range is least. The 
greater tides are called ‘ Springs ’ and the smaller 
‘ Neaps.’ 

The currents produced in the sea by tides are often 
very complicated where the open sea is broken by 
islands and headlands, and the knowledge of tidal 
currents at each place is only to be gained by the 
practical experience of the pilot. Indeed, in the lan- 
guage of sailors the word'^tide’ is not unfrequently used 
as meaning tidal current, without reference to rise and 
fall. These currents are often of great violence and 
vary from hour to hour as the water rises and falls, so 
that the pilot requires to know how the water stands 
in-shore in order to avail himself of his practical 
knowledge of how the currents will make in each 
place. A tide-table is then of much use, even at 
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out into deep water, and ending with a large rose 
pierced with many holes like that of a watering can. 
The rose (fig* 2) is anchored to the bottom of the sea, 
and is suspended by means of a buoy, so as to be clear 
of the bottom. The tidal water can thus enter pretty 



Fig. 1. — ^Well fob Tim3-GAU<VE 


freely into the well, but the passage is so narrow 
that the wave motion is not transmitted into the well. 
Inside the well there floats a water-tight copper 
cylinder, weighted at the bottom so that it floats upright, 
and counterpoised so that it only just keeps its top clear 
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of the water. To the top of the float there is fastened 
a copper tape or wire, which runs up to the top of the 
well and there passes round a wheel. Thus’ as the 
water rises and falls this wheel turns backwards and 
forwards. 

It is hardly necessary to describe in detail the 
simple mechanism by which the turning of this wheel 



causes a pencil to move backwards and forwards in 
a straight line. The mechanism is, however, such 
that the pencil moves horizontally backwards and 
forwards by exactly the same amount as the water 
rises or falls in the well; or, if the rise and fall of the 
tide is considerable, the pencil only moves by half 
as much, or one-third, or even one-tenth as much as 
the water. At each place a scale of reduction is so 
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chosen as to bring the range of motion of the pencil 
within convenient limits. We thus have a pencil 
which will draw the rise and fall of the tide on the 
desired scale. 

It remains to show how the times of the rise 
and fall are indicated. The end of the pencil touches 
a sheet of paper which is wrapped round a drum 
about five feet long and twenty-four inches in cir- 
cumference. If the drum were kept still the pencil 



Tig. 3.— -Indian Tide-Gauge 


would simply 6fraw a straight line to and fro along the 
length of the drum as the water rises and falls, But 
the drum is kept turning hy clockwork, so that it 
makes exactly one revolution in twenty-four hours. 
Since the drum is twenty-four inches round, each inch 
of circumference corresponds to one hour. If the 
water were at rest the pencil would siinply draw 
a circle round the paper, arid the beginning and 
ending of the line would join, whilst if the drum 
remained still and the water moved, the pencil 
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trapped the curve must be followed out of the paper 
on the left and into it again on the right. The figure 
shows that spring tide occurred on April 26, 1884 ; 
the preceding neap tide was on the 18th, and is not 
shown. It may be noticed that the law of the tide is 
conspicuously different from that which holds good on 
the coast of England, for the two successive high- or 
low-waters which occur on any day have very different 
heights. Thus, for example, on April 26 low-water 
occurred at 5.50 p.m., and the water fell to 5 ft. 2 in., 
whereas the next low-water occurring at 5.45 a.m. of 
the 27th, fell to 1 ft, B in., the heights being in both 
cases measured from a certain datum. When we come 
to consider the theory of the tides the nature of this 
irregularity will be examined. 

The position near the sea-shore to be chosen for 
the erection of the tide-gauge is a matter of much 
importance. The choice of a site is generally limited 
by nature, for it should be near the open sea, should 
be sheltered from heavy weather, and deep water 
must be close at hand even at low tide. 

In the shetch map shown in fig. 6 a site such as 
A is a good one when the prevailing wind blows in the 
direction of the arrow, A position such as b, although 
well sheltered from heavy seas, is not so good, because 
it is found that tide-curves drawn at b would be much 
zigzagged. These zigzags appear in the Bombay 
curves, although at Bombay they are usually very 
smooth ones. 

These irregnlarities in the tide-curve are not due 
to tides, and as the object of the observation is to 
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determine the nature of the tides it is desirable to 
choose a site for the gauge where the zigzags shall 
not be troublesome; but it is not always easy to 



Fig. 5. — Bombay TiDE-CtriivE fbom Nooy, April 22, 
TO Noon, April 30, 1884: 


foresee the places 'which will furnish smooth tide- 
curves. 

Most of us have probably at some time or other 
made a scratch on the sand by the sea-shore, and 
■watched the water rise over it. We generally make 
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our mark on the sand at the furthest point, where the 
wash of a rather large wave has brought up the 
water. For perhaps five or ten minutes no wave 
brings the water up as far as the mark, and one 
begins to think that it was really an extraordinarily 
large wave which was marked, although it did not 
seem so at the time. Then a wave brings up the 
water far over the mark, and immediately all the waves 
submerge it. This little observation simply points 
to the fact that the tide is apt to rise by jerks, and 



it is this irregularity of rise and fall which marks the 
notches in the tide-curves to which I have drawn 
attention. 

Now in scientific matters it is well to follow up 
the clues afforded by such apparently insignificant 
facts as this. An interesting light is indeed thrown 
on the origin of these notches on tide-curves by an 
investigation, not very directly connected with tidal 
observation, on which I shall make a digression in 
the following chapter. 
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every possible refinement of apparatus is necessary. 
But I do say that the number of | 2 :reat investigators 
is but little increased by laboratories, and that 
those who are interested in science, but yet have not 
access to laboratories, should not give up their study 
in despair. 

Dr. Porel’s object was, in the first instance, to 
note the variations of the level of the lahe, after 
obliterating the small ripple of the waves on the 
surface. The instrument used in his earlier investi- 
gations was both simple and delicate. Its principle 
was founded on casual observation at the port of 
Merges, where there happens to be a breakwater, 
pierced by a large ingress for ships and a small one 
for rowing boats. He accidentally noticed that at 
the small passage there was always a current setting 
either inwards or outwards, and it occurred to him 
that such a current would form a very sensitive 
index of the rise and fall of the water in the lake. 
■He therefore devised an instrument, illustrated in 
fig. 7, and called by him a Plemyrameter, for noting 
currents of even the most sluggish character. Near 
the shore he made a small tank, and he connected it 
with the lake by means of an india-rnbber siphon 
pipe of small bore. Where the pipe crossed the edge 
of the tank, he inserted a horizontal glass tube of 
seven millimetres diameter, and in that tube he put 
a float of cork, weighted with lead so that it should 
be of the same density as water. At the ends of the 
glass tube there were stops, so that the float could 
not pass out of it. When the lake was higher than 
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the tank, the water ran through the siphon pipe 
from lake to tank, and the float remained jammed 
in the glass tube against the stop on the side towards 
the tank; and when the lake fell lower than the tank, 
the float travelled slowly to the other end and remained 
there. The siphon pipe being small, the only sign of 
the waves in the lake was that the float moved with 
slight jerks, instead of uniformly. Another conse- 
quence of the smallness of the tube was that the 
amount of water which could be delivered into the 


Bloat 



taut or drawn out of it iu one or two hours was so 
small that it might practically he neglected, so that 
the water level in the tank might be considered as 
invariable. 

This apparatus enabled Forel to note the rise and 
fall of the water, and he did not at first attempt to 
measure the height of rise and fall, as it was the 
periodicity in which he was principally interested. 

In order to understand the record of observations, 
it must he remembered that when the float is towards 
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|ji r* iiitrlligil^la the method liy which Forel 
iiiiit iitlf^rFretcHl tliese roeordn, I. uiunt con- 
fi|4i’r tig« H iiiiini cdfiHcly. \n this ciint^ it will be 
iiiilirid tltiii the ree(e*tl hIiowb long high-water 
M'jiiiratcil fruni ii luitg Inw-water by two lunnueUm with 
tki Tliewii jiieceH at the ende have an mtoroBt- 

liig Higiiificiiiii'e. When the water of the lake is simply 
iwilliiliiig with Ii period of about an hour wo have a 
I nice of ilie form hIhiwu in fig* U- Bui when there 
rikiHlw riiiieiirriiitly with this another oscillation, of 
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taitsr# Tlii tirily l»rlwiirti tliii 

iiiMl tli*^ iitiii iilmiily iliwrili«*4 iit* n li*li’»giiii||ii in Hint 
tilt ilrtt'ia tiiriiiidl intn’li iiiorii riipiilly, lliiil fltn fti4 
cif |m|irr iwt«r IIip ilriitii iii lninriii 

iiiiH llint tlii^ |iii|ii€ %\'m iHiiii|mriilivi4y iinrriiii^ iIip 
rnitgif Ilf tliii tiicillfttbii kniig ittiiiiH. TIip riiiv« %%$%$ 
iwimity tlriwii tin tlm full lint it riiitkl Im 
rinliiewl ki Imlf mmh wtitti lii.rg« nmrlir*# mmi 

!t wmiid liti itm^^iililii in 11 hmk «if itiitt I4ii4 tci 
fnlliw Fnrifl in tlm long fttifilywn liy mliirli !t«' 
jirntiHl Iii« mwnm, tliiiiiif Ilii' 

nf Wliiilltiiiitnui wftfii I • All IlitWiiiirilliiliHiift ni'i- f hh 
I triiidiWfl lint tin tlii tthtriiticl iiibrliif’i^ iliHii rlmiigi 
nf hwl Thtri ii litrt toatter t<i ilbtiirk ili* mliiH 
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uniul ! iiiiiiit liiive n vwy »tcmt taitli in i\w truth of 
inv til {mmiHt in niiiiniiuning that, iu tho 

inMnl Ilf nil Ilium? wavu« which croHH and mingle, there 
lit vrrt!ii*luHH, a ri’cngnimihle rhytlntn Thin in, 
v*i\ whiil I Hliall try tn pnived Tim hjpolhuHiH 
tH vliiidi he liuru rnfuri4, and triumphantly proven, 
m llifii mirliim uoiiHint of a rocking iif the whole water 
of I tie hike iihonl iked liueH, jimt an hy tilting a 
lrinig!i till! wiiivr in it may ho not Bwinging, bo that 
the level ill tlio midtllo remaiim une.hangi?d, while at 
the tan eiidn the water riHCH and falln altiirnahdy. 

Ill another paper lie remarkn : ‘If you will 
folltiw mill Btndy with me tlume movmnentB you 
will fiiid II great charm in tin* invontigation. ’When 
1 mie the wiiler rising and falling on the nhore at the 
mici of niy gardtni I liave not Indtire nu^ a Bimple 
wave wliifli distiirliB tlm water of the hay of Morgen, 
liiii I mil olimawing t!m maniftmtaticni of a far more 
ittiprirliiiii phenomeiiom It in the wholes water of 
tliu hike wiiieli iH rocking, li in a gigantic impulHO 
w!ii*'ii iiioveH the whole liiiuid maHH of Leman 
lliroiiglintit iirt length, hft.iidih, ami d(‘pUn * . , 
It iw priihiilde tliiil the name thing would he olmerved 
ill fur liirgt*r hiiHtiiH of water, ami I feel bound to 
rufogiiine in ihii phenomenon of HeiehuH the grambrnt 
fiwriliiiiiiry iiioveiiieiit which man can ntmly on the 
hire tif ciiir ^ 

If Will now he wiilt to cotmider the map of (ioneva in 
i'ig* lib Although the lake eomewhat rcHomhloH the 

* i fyndf^p. trti, 

* i^m Hm^m^ Vttgum d\mniinimHfiu U. 
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»»f « firtRlf*, till* riirvftluri- of itit i*hor<'*» will 
i«» (liflfori'ni’i* in lin' !uttin<-i<f tlio o*;' <■( t»,. 
r. iitor llirtt ui* nmyi in th)' f'tmt ini*l«u« i’. • ‘"o i'** > i- * 
jM’iM tirnlly ulrniijUt. 

ittiiilyHtii of Moii-liifN lo*l him lo »on. 'ti4, 
!!)nt till* •Mi'iUHtitiiiH were of two kimlx, il*< 

Hint tiio triiiiHViTin*. !ii Uh’ loiijjfiUolinHt m u 1 »• llso 
Wiitfr rof'ki* almul a Unn drawn arrowa ll«o isiki »«iu i) 
llirottgli Murgi’H, mid llu* wat« r at Uk- ni»t ‘ tid of ilm 



kkii rimm when that at th«< wiait falU, and to* 

The line aliont whiidi the water rncka wr<dh’«l a nodi*, 
m that in Uii* eaan than* i» on« ihhIi* at th»' nnddh* of 
the take. Thia aort of aeichn ia theroforr > ali« it m 
»iiiini»lii.n«ngitndin*laeielu*. The |»eri<wl «f <h. 
tioii ia the time butwaen two aueei-aw^i* «'•» 

at any iihttse, and it waa fomid to t«' wvi id v >t»o o 
ndnutea, hut the Twage of riae and fidl ««< \*.ty 
varWde. There are alio tongilndinal i * 
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tthii h Ihi-n- nr« two wmIi-h, Uui lake into 

llir* < wliirh th«> ceiilrul one in twiiu' sw long 

H. !l»«* < \lrnin' }nirt«; tirtcilhiliou w eallcHl a 

l.jiiniiitl iDUgiluiiinnl wii'lio, lu thw modo tho water 
ut tS»«' midill.' <*f till' hike w liigh wlicn tliat at the. 
twHi ixit* in Inw.Hiul riiv iYr*< ; tln' ptiriod Ih tlurty- 

JlVl* lIUIUlti K. 

Otiiir w icht'B of vnriouH iwnnodH wore okwirvod, 
Hiunc id tthU'li wori' im doidtt mulliuodal. I’luw in a 
{riinHliil wirlii*, l!u< iiudi'H divuio Iho lake into lour 

of whirh tin* two cinitfiil tnu‘H ant oach twioo jih 
lung m tlin I'XtriniH' inii'lH. If thons aro any number 
of lUHlfH, Uw'ir jHwitiouH am HUidi that the central 
}Mirti»i» of lliM liikn ia divided into enual kngths, and 
tin* ti’rtninal parla am each of lialf the length of the 
eeiilrial part or partH, 'I hiit coinlition in nocOHHary in 
order that Iho einlH of the lake may fall at placoH 
whom Ihero in no horir.tuital current. In all wich 
n»iHln*i of owillation the pliimH where the horizontal 
rurrenl ii* I'vmieacnnt ari' called loopn, and tluiHo aro 
nlwny** half way helweeu the lanleH, whore thoro ia no 
riw and fall. 

trio'ttlnl wii’ho nhonlit have a period of ahout 
twenty -fonr inintiten, and a tpuidrinodal neiche Hhould 
oeeillttlt* in alnait eighteen ininuti'H. dhe poriodH of 
ihetie ipiteki r aoicliBa xvould, no doiiht, he allocted hy 
the irregiilni'ity it* the form and depth of the lake, 
and it in woitliy of notieo that l'’orcd ohnervod at 
Meifhes with jwnodH of ahout twenty minuteH 
and thirty niimites, which he conjectured to ho 
nodtiiiodal. 
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The second group of seiches vvere transverse, being 
observable at Merges and Evian. It ^vas clear 
that these oscillations, of v^hich the period was 
about ten minutes, were transversal, because at the 
moment when the water was highest at Morges it 
was lowest at Evian, and mce versa. As in the 
case of the longitudinal seiches, the principal oscilla- 
tion of this class was uninodal, but the node was, of 
course, now longitudinal to the lake. The irregularity 
in the width and depth of the lake must lead to great 
diversity of period in the transverse seiches appro- 
priate to the various parts of the lake. The transverse 
seiches at one part of the lake must also be trans- 
mitted elsewhere, and must confuse the seiches 
appropriate to other parts. Accordingly there is 
abundant reason to expect oscillations of such com- 
plexity as to elude complete explanation. 

The great difficulty of applying deductive reason- 
ing to the oscillations of a sheet of water of irregular 
outline and depth led Forel to construct a model of 
the lake. By studying the waves in his model he 
was able to recognise many of the oscillations occur- 
ing in the real lake, and so obtained an experimental 
confirmation of his theories, although the periods of 
oscillation in the model of course differed enormously 
from those observed in actuality. 

The theory of seiches cannot he considered as 
demonstrated, unless we can show that the water 
of such a basin as that of Geneva is capable of 
swinging at the rates observed. I must, therefore, 
now explain how it may be proved that the periods 
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of the actual oscillations agree with the facts of the 
case. 

A.S a preliminary let us consider the nature of 
wave motion. There are two very distinct cases of 
the undulatory motion of water, which nevertheless 
graduate into one another. The distinction lies in 
the depth of the water compared with the length 
of the wave, measured from crest to crest, at right 
angles to the direction of wave propagation. The 
wave-length may be used as a measuring rod, and 
if the depth of the water is a small fraction of the 
wave-length it must be considered shallow, but if 
its depth is a multiple of the wave-length it will be 
deep. The two extremes of course graduate into one 
another. 

In a wave in deep water the motion dies out 
pretty rapidly as we go helow the surface, so that 
when we have gone down half a wave-length below 
the surface the motion is very small. In shallow 
water, on the other hand, the motion extends (juite 
to the bottom, and in water which is neither deep 
nor shallow the condition of affairs is intermediate. 
The two figures 11 and 12 show the nature of the 
movement in the two classes of waves. In both eases 
the dotted lines show the position of the water when 
at rest, and the full lines show the shapes assumed 
by the rectangular blocks marked out by the dotted 
lines, when wave motion is disturbing the water. It 
will be observed that in the deep water, as shown in 
fig. 11, the rectangular blocks change their shape, 
rise and fall, and move to and fro. Taking the topmost 
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row of rectangles, each, block of water passes succes- 
sively ill time through all the forms and positions 
shown by the top row of quasi-parallelograms. Bo 
also the successive changes of the second row of 
blocks are indicated by the second strip, and the 
third and the fourth indicate the same. The changes 
in the bottom row are relatively very small both as 
to shape and as to displacement, so that it did not 
seem worth while to extend the figure to a greater 
depth. 



Turning now to the wave in shallow water in 
fig. 12, we see that each of the blocks is simply dis- 
placed sideways and gets thinner or more squat as 
the wave passes along. Now, I say that we may 
roughly classify the water as being deep with respect 
to wave motion when its depth is more than half a 
wave-length, and as being shallow when it is less. 
Thus the same water may be shallow for long waves 
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and deep for eliort ones. For example, the sea is very 
shallow for the great wave of the oceanic tide, but it 
is very deep even for the largest waves of other kinds. 
Deepness and shallowness are thus merely relative to 
wave-length. 

The rate at which a wave moves can he exactly 
calculated from mathematical formulsa, from which 
it appears that in the deep sea a wave 63 metres in 
length travels at 36 kilometres per hour, or, in British 
measure, a wave of 68 yards in length travels 221- 
miles an hour. Then, the rule for other waves is that 



the speed varies as the square root of the wave-length, 
so that a wave 16 metres long — that is, one quarter 
of 63 metres — travels at 18 kilometres an hour, which 
is half of 36 kilometres an hour. Or if its length were 
7 metres, or one-ninth as long, it would travel at 12 
kilometres an hour, or one-third as quick. 

Mthough the speed of waves in deep water depends 
on wave-length, yet in shallow water the speed 
is identical for waves of all lengths, and depends 
only on the depth of the water. In water 10 metres 
deep the calculated velocity of a wave is 36 kilometres 
an hour ; or if the water were 2^ metres deep (quarter 
of 10 metres), it would travel 18 kilometres (half of 36 
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Mlometres) an hour ; the law of variation being that 
the speed of the wave varies as the square-root of the 
depth. Eor water that is neither deep nor shallow 
the rate of wave propagation depends both on depth 
and on wave-length, according to a law which is some- 
what complicated. 

In the case of seiches the waves are very long 
compared with the depth, so that the water is to be 
considered as shallow ; and here we know that the 
speed of propagation of the wave depends only on 
depth. The average depth of the Lake of G-eneva 
may be taken as about 150 metres, and it follows 
that the speed of a longwave in the lake is about 120 
kilometres an hour. 

In order to apply this conclusion to the study of 
seiches, we have to consider what is meant by the 
composition of two waves. If I take the series of 
numbers 

(Sic. 100 71 0 -71 -100 -71 0 71 100 (fee. 

and plot out, at equal distances, a figure of heights 
proportional to these numbers, setting off the positive 
numbers above and the negative numbers below a 
horizontal line, I get the simple wave line shown 
in fig. 13. Now, if this wave is travelling to the 
right, the same series of numbers will represent 
the wave at a later time, when they are all dis- 
placed towards the right, as in the dotted line. 

Now turn to the following schedule of numbers, 
and consider those which are written in the top row 
of each successive group of three rows. The columns 
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I'l'pri'Hcnl (‘([uidislimt spaces, and the rows equidistant 
tiuii-H. Tlu' first set of numbers —100, —71, 0, &c. 
an> thos(! which were plotted out as a wave in fig. 13 ; 
ill the top row of the second group they are the 
sanu', hut nioviul one space to the right, so that they 
rcpresiuit the inoveiueut of the wave to the right in 
oiu“ tuliTvnl of tinu!. In the top row of each successive 
group the nuinhorH are the same, but always displaced 
one more space to the right ; they thus represent the 
Huceessive positioiiH of a wave moving to the right. 
The table emls iu the same way as it begins, so that 


100 71 0 -71 -100 -71 0 71 100 



in eight of these intervals of time the wave has 
HtlvuiU’cal through a space eipial to its own length. 

If we were to invitrt these upper figures, so that 
th(^ uumherH on the right are exchanged with those 
on the left, wo should have a series of numbers 
represonting a wave travelling to the left. Such 
numhtir.s are shown in the second row in each 
group. 

■When th(‘S() two waves co-exist, the numbers must 
he eoiiipounded together hy addition, and then the 
result is the serios of numbers written in the third 
rows. 'I'lieso muubors represent the resultant of a 
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wave trnvcilling to the right and of an equal waTe 
travelling Bimultaneously to the left. 

It may he ■well to repeat that the first row of each 
group represents a wave moving to the right, the 
second row represents a wave moving to the left, and 
the third represents the resultant of the two. Now 
lot us consider the nature of this resultant motion ; 
tlu! third and the seventh columns of figures are 
always zero, and therefore at these two places the 
watca- runther rises nor falls — they are, in fact, nodes. 
I f the sdiodule wore extended indefinitely both ways, 
exactly half-way l)etween any pairs of nodes, there 
would bo a loop, or line across which there is no hori- 
zontal motion. In the schedule, as it stands, the 
first, fifth, and ninth columns are loops. 

At the extreme right and at the extreme left the 
resultant numbers are the same, and represent a rise 
of the water from —200 to -)-200, and a s'ubBequent 
fall to —200 again. If these nine columns represent 
tlui length of the lake, the motion is that which was 
described as binodal, for there are two nodes dividing 
the lake, into three parts, there is a loop at each end, 
and wluiii tlu! water is high in the middle it is low at 
the luuls, and rice versd. It follows that two equal 
waves, each as long as the lake, travelling in oppo- 
site directions, when compounded together give the 
motion which is described as the binodal longitudinal 
seiche. 

Now let us suppose that only five columns of the 
tuJtli! represent the length of the lake. The resultant 

D 
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numbers, -whieli 
loop, are : 

again 

terminate at each end with a 

-200 

-142 

0 

142 

200 

-142 

-100 

0 

100 

142 

0 

b 

0 

0 

0 

142 

100 

0 

-100 

-142 

200 

142 

0 

-142 

- 200 

142 

100 

0 

-100 

-142 

0 

0 

0 

0 

0 

-142 

-100 

0 

100 

142 

-200 

-142 

0 

142 

200 


Since the middle column consists of Kero through- 
out, the water neither rises nor falls there, and there 
is a node at the middle. Again, since the numbers at 
one end are just the same as those at the other, but 
reversed as to positive and negative, when the water 
is high at one end it is low at the other. The motion 
is, in fact, a simple rocking about the central line, and 
is that described as the uninodal longitudinal seiche. 

The motion is here again the resultant of two 
equal waves moving in opposite directions, and the 
period of the oscillation is equal to the time which 
either simple wave takes to travel through its own 
length. But the length of the wave is now twice that 
of the lake. Hence it follows that the period of the 
rocking motion is the time occupied by a wave in 
travelling twice the length of the lake. Wc have 
already seen that in shallow water the rate at which 
a wave moves is independent of its length and depends 
only on the depth of the water, and that in water of 
the same depth as the Lake of Geneva the wave triivels 
120 kilometres an hour. The Lake of Geneva is 
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70 kilometres long, so that the two waves wIioki! 
composition produce a simple rocking of l.ho water 
must each of them have a length of I-IO kilonK'troH. 
Hence it follows that the period of a Hiinplo rocking 
motion, with one node in the middle of tht> Lake of 
Greneva, will be almost exactly ■].],'} of an hour, or 
70 minutes, h’orel, in fact, found the perioil to ho 
73 minutes. Ho expresses this result hy saying 
that a uninodal longitudinal seiche in tho Lake 
of Geneva has a period of 78 minutes. I lis ohsiu'- 
vations also showed him that tho period of a hinodal 
seiche was 35 minutes. It follows from tlio provious 
discussion that when there are two nodes tho period 
of the oscillation should he half as long as when 
there is one node. Hence, we should cxpcict that tho 
period would be about 36 or 37 minutes, and the 
discrepancy between these two results is prohahly duo 
to the fact that the formula by which wo calculalt! tho 
period of a hinodal seiche would roiiuiro sonui comie.- 
tion, because the depth of the lake is not so visry small 
compared with the length of these shorter waves. 

It is proper to remark that tho agreinueiit iKstwecu 
the theoretical and observed periods is suspiciotiHly 
exact. Tho lake diffors much in depth in different 
parts, and it is not quite certain what is the })roiH!r 
method of computing the average depth for the ileter- 
mination of tho period of a seiche. It is pre.liy cleji.r, 
in fact, that the oxtromo closonossof the agreement i.s 
accidentally due to the assumption of a round miiuber 
of metros a,s tho average depth of the lake, 'I'lie 
concordance hotween theory and observation musi 
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not, however, be depreciated too much, for it is 
certain that the facts of the case agree well with what 
is known of the depth of the lake. 


The height of the waves called ‘ seiches ’ is very 
various. I have mentioned an historical seiche which 
had a range of as much as four feet, and Porel was 
able by his delicate instruments still to detect thorn 
when they were only a millimetre or a twenty-fifth 
of an inch in height. It is obvious, therefore, that 
whatever be the cause of seiches, that cause must 
vary widely in intensity. According to Porel, 
seiches arise from several causes. It is clear that 
anything which heaps up the water at one end of the 
lake, and then ceases to act, must tend to produce an 
oscillation of the whole. Now a rise of water -level at 
one end or at one side of the lake may be produced in 
various ways. Some, and perhaps many, seiches are 
due to the tilting of the whole lake bed by minute 
earthquakes. Modern investigations seem to show 
that this is a more fertile cause than Porel was dis- 
posed to allow, and it would therefore be interesting 
to see the investigation of seiches repeated with the 
aid of delicate instruments for the study of earth- 
quakes, some of which will be described in Chapter VI. 
I suspect that seiches would be observed at times 
when the surface of the earth is much disturbed. 

The wind is doubtless another cause of seiches. 
When it blows along the lake for many hours in one 



CH. II 


CA.USES OF SEICHES 


37 


direction^ it produces a superficial current, and Leaps 
up the mter at the end towards which it is blowing. 
If such a wind ceases somewhat suddenly, a seiche 
will certainly be started, and will continue for hours 
until it dies out from the effects of the friction of 
the water on the lake bottom. Again, the height of 
the barometer will often differ slightly at different parts 
of the lake, and the water will respond, just as does 
the mercury, to variations of atmospheric pressure. 
About a foot of rise of water should correspond to an 
inch of difference in the height of barometer. The 
barometric pressure cannot be quite uniform all over 
the Lake of G-eneva, and although the differences 
must always be exceedingly small, yet it is impossible 
to doubt that this cause, combined probably with 
wind, will produce many seiches. I shall return 
later to the consideration of an interesting speculation 
as to the effects of barometric pressure on the 
oscillation of lakes and of the sea. Lastly, Forel was 
of opinion that sudden squalls or local storms were 
the most frequent causes of seiches. I think that he 
much overestimated the efficiency of this cause, 
because his theory of the path of the wind in sudden 
and local storms is one that would hardly be accept- 
able to most meteorologists. 

Although, then, it is possible to indicate causes 
competent to produce seiches, yet we cannot as yet 
point out the particular cause for any individual 
seiche. The complication of causes is so great that 
this degree of uncertainty will probably never be 
entirely removed. 
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But I Have not yet referred to tHe point wHich 
justifies tMe long digression on seiches in a book on the 
tides. The subject ^vas introduced by the irregularities 
in the line traced by the tide-gauge at Bombay , 'which 
indicated that there are oscillations of the water with 
periods ranging from two minutes to a q[uarter of an 
hour or somewhat longer. Now these zigzags are not 
found in the sea alone, for Bor el observed on the lake 
oscillations of short period, which resembled seiches 
in all but the fact of their more rapid alternations. 
Some of these waves are perhaps multinodal seiches, 
but it seems that they are usually too local to he true 
seiches affecting the whole body of the lake at one 
time. Forel calls these shorter oscillations ' vibrations/ 
thus distinguishing them from proper seiches. A 
complete theory of the so-called vibrations has not 
yet been formulated, although, as I shall show below, 
a theory is now under trial which serves to explain, 
at least in part, the origin of vibrations. 

Eorel observed with Hs limnimeter or tide-gauge 
that when there is much wind, especially from certain 
quarters, vibrations arise which are quite distinct from 
the ordinary visible wave motion. The period of the 
visible waves on the Lake of Geneva is from 4 to 
5 seconds,'^ whereas vibrations have periods ranging 
from 4$ seconds to 4 minutes. Thus there is a 
dear line separating waves from vibrations. Borel 
was unable to determine what proportion of the area 
of the lake is disturbed by vibrations at any one time, 

* I observed 'when it was blowing half a ga.le on Ullswater, in 
Cumberland, th&t the wayes had a period of abont a second. 
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and altiough. their velocity was not directly observed, 
there can be no donbt that these waves are propagated 
at a rate which corresponds to their length and to the 
depth of the water. I have little donht but that the 
inequalities which produce notches in a tide-curve 
have the same origin as vibrations on lakes. 

It is difficult to understand how a wind, whose 
only visible effect is short waves, can be responsible for 
raising waves of a length as great as a thousand yards 
or a mile, and yet we are driven fco believe that this 
is the case. But Forel also found that steamers 
produce vibrations exactly like those due to wind. 
The resemblance was indeed so exact that vibrations 
due to wind could only be studied at night, when it 
was known that no steamers were travelling on the 
lake, and, farther, the vibrations due to steamers 
could only be studied when there was no wind. 

His observations on the steamer vibrations are 
amongst the most curious of all his results. When a 
boat arrives at the pier at Morges, the water rises 
slowly by about 5 to 8 millimetres, and then falls 
in about 20 to 30 seconds. The amount and 
the rapidity of the rise and fall vary with the 
tonnage of the boat and with the rate of her 
approach. After the boat has passed, the trace of 
the limnimeter shows irregularities with sharp points, 
the variations of height ranging from about two to 
five millimetres, with a period of about two minutes. 
These vibrations continue to be visible during two to 
three hours after the boat has passed. As these 
boats travel at a speed of 20 kilometres an hour, the 
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vibrations persist for a long time after anj renewal of 
them by the boat has ceased. These vibrations are 
called hy Eorel *the subsequent steamer vibrations.' 

That the agitation of the water should contiiniCB 
for more than two hours is very remarkable, and 
shows the delieacy of the method of observation. 
But it seems yet more strange that, when a boat is 
approaching ICorges, the vibrations should be visible 
during 25 minutes before she reaches the pier. 
These he calls ^ antecedent steamer vibrations.' 
They are more rapid than the subsequent ones, 
having a period of a minute to a minute and a 
quarter. Their height is sometimes two millimetres 
(a twelfth of an inch), but they are easily detected 
when less than one millimetre in height. It appears 
that these antecedent vibrations are first noticeable 
when the steamer rounds the mole of Ouchy, when 
she is still at a distance of 10 kilometres. As far as 
one can judge from the speed at which waves are 
transmitted in the Lake of Greneva, the antecedent 
vibrations, which are noticed 25 minutes before 
the arrival of the boat, must have heen generated 
when she was at a distance of 12 kilonaetres from 
Merges. Big. 14 gives an admirable tracing of these 
steamer vihrations.^ 

In this figure the line a aJ was traced between 
iwo and three o’clock in the morning, and shows 
scarcely any sip of perturhation. Between three and 
eight 0 clock in the morning no observations were 
taken, but the record begins again at eight o’clock. 

* From Les Seiches, Vogues Oscillation jfixe de$ Lacs, 1876. 



€H. ir 


STEAMEIl \'I I5RATIOXS 


41 


Tlui portion inarkod h // shoWH 
weak vibrations, probably due to 
Ktoamorti passing along the coast 
of Havoy. The antecedent vibra- 
tions, produced by Hi steamer 
approacluug kforges, lasgan aboxit 
th(! time of its doparturo from 
Ouchy, and are shown at <r <•'. 
The point d sliows the arrival 
of this boat at ^lorges, and d' 
shows the eff(!ct of another boat 
coming from Genova. I'hc por- 
tion marked e e e shows the 
subsequent steamer vibrations, 
which were very clear during 
more than two hours after the 
boats had passed. 

Dr. Forel was aware that 
similar vibrations occur in the 
sea, for ho says: ‘What are 
these oscillations with periods of 
6, 10, 20, or 100 minutcis, which 
are sometimes irregular 2 Are 
they analogous to our seiches? 
Not if we define seiches as 
uninodal oscillations, for it is 
clear that if, in a closed basin of 
70 kilometres in length, unino- 
dal HoiehoH have a period of 
78 minutes, hi the far greater 
basin of the Mediterranean, or 
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of the ocean, a uninodal wave of oscillation must 
have a much longer period. They ros(uul)lo niucli 
more closely what I have call(Hl vibrations, and, pro- 
visionally, I shall call them by tho name of “vibra- 
tions of the sea.” I venture to invih; men of sciouco 
who live on the sea-coast to follow this study. It 
prescntB a tine subject for roaearch, eitlun' in the 
interpretation of the phenomenon or in the (istablish- 
ment of the relations between these movoments and 
meteorological conditions.’ " 

These vibrations arc obviously duo to tho wind or 
to steamers, but it is a matter of no litthi surprise 
that such insignificant causes shmdd produce even 
very small waves of half a mile to a inilo in length. 

The manner in which this is broiiglit about is 
undoubtedly obscure, yet it is possible to obtain souie 
sort of insight into the way in which these long waves 
arise. Wheu a stone Mis into calm watiu- waves of 
all sorts of lengths are instantaneously generahid, and 
the same is true of any other isolated disturhamui. 
Out of all these waves the very long ones and tho 
very short ones are very small in height,. Theoroli ■ 
eally waves of infinitely great and ol inlhutoly small 
lengths, yet in both cases of inlinitoly small lu^ightH, 
are genoi-atcd at the instant of the im2)ulH(i, Imt tin* 
waves of enormous length and those) t)£ very small 
length are of no practical importance, and wo need 
only consider the moderate waves. Per the shorlrr 
of these the water is virtually deep, and so tlu'y will 
each travel outwards at a pace dopendeud, on length, 
" Smlics ct Vibrations dss Laos et ck la Mer, 1 sT'.i, p. 5. 
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blie longer ones outstripping the shorter ones. But 
For the longer waves the water will he shallow, and 
they will all travel together. Thus the general effect 
at a distance is the arrival of a long wave first. 
Followed by an agitated rippling. The point which 
we have to note is that an isolated disturbance will 
generate long waves and that they will run ahead of 
}he small ones. It is important also to observe that 
the friction of the water annuls the oscillation in the 
shorter waves more rapidly than it does that of the 
Longer ones, and therefore the long waves are more 
persistent. Now we may look at the disturbance due 
bo a steamer or to the wind as consisting of a succession 
of isolated disturbances, each of which will create long 
waves outstripping the shorter ones. These considera- 
tions afford a sort of explanation of what is observed, 
but I do not understand how it is that the separation 
of the long from the short waves is so complete, nor 
what governs the length of the waves, nor have I 
made any attempt to evaluate the greater rapidity of 
decrease of short waves than long ones.'^ It must 
then be left to future investigators to elucidate these 
points. 


The subject of seiches and vibrations clearly 
affords an interesting field for further research. The 
seiches of Lake George in New South Wales have been 
observed hy Mr. Bussell, the Government Astronomer 

’’ See, however, S. S. Hough, Pmc. Lond. Math. Soc., xxviii. 
p. 276. 
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at Sydnoy ; but until last year tlu'y do not sooin to liavo 
boon much studied on any lakoH outside of Hwitzei-laiid. 
Tlui groat Lakes of North Auiorica an^ no doubt 
agitated by seiches on a miudi larger scale! than tboso 
on the comparatively small basin of (leiuiva. This 
idea appears to have struck Mr. Napi(!r itoiiison of 
Toi’onto, and he has been so fortunate! as to imlist the 
interest of Mr. Hell Dawson, the chief of tlu! Canadiau 
Tidal Hurvoy, and of Mr. Btupart, tlu! diro<!tor of the 
Motoorologieal Department. Mr. Denison’s attention 
has been, in the first instance, principally directed 
towards those notches in tido-curv(is wliieh have 
afforded the occasion for the present discussion of this 
subject. He has made an interesting suggestion as 
to the origin of these oscillations, which 1 will now 
explain. 

The wind generally consists of a rather shallow 
current, so that when it is calm at the earth’s surfacij 
there is often a strong wind at the top of a Jieigbbour- 
ing mountain ; or the wind aloft may blow from a 
different quarter from that below. If wc ascend a- 
mountain or go up in a balloon, the tem])eni,tur(! of 
the air falls on the average by a certain (bd'milo 
number of degrees per thousand feet. But tlu! iiorina! 
rate of fall of temperature is generally interrupted 
on passing into an upper current, which blows from 
a different direction. This abrupt change of tempera- 
ture corresponds with a sudden change of dciusity, so 
that the upper layer of air must he rogard<sd n s n= fluiil 
of different density from that of the lower air, over 
which it slides. 
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Now Helmholtz has pointed out that one layer of 
fluid cannot slide over another, without generating 
waves at the surface of separation. We are familiar 
with this fact in the case of sea-waves generated by 
wind. A mack(irel sky proves also the applicability 
to currents of air of Helmholtz’s observation. In this 
ease the moisture of the air is condensed into clouds at 
tlu!cr(!HtHof the air waves, and reabsorbed in thehollows, 
so that tlui clouds are arranged in a visible ripple- 
mark. A mackerel sky is not seen in stormy weather, 
for it alTords proof of the existence of an upper layer 
of air sliding with only moderate velocity over a lower 
layer. The distance from crest to crest must be con- 
siderable as measured in yards, yet we must regard 
the mackerel sky as a mere ripple formed by a slow 
relative velocity of the two layers. If this is so, 
it becomes of interest to consider what wave-lengths 
may be expected to arise when the upper current is 
moving over the lower with a speed of perhaps a hun- 
dred miles an hour. The problem is not directly 
soluble, for even in the case of sea-waves it is impos- 
sible to predict the wave-lengths. Wo do know, 
however, that the duration of the wind and the size of 
tlui basin are material circumstances, and that in 
gales in the open ocean the waves attain a very definite 
maguitudci. 

Although tho problem involved is not a soluble 
on((, yet Helmholtz has used the analogy of oceanic 
waves for an approximate determination of the sizes 
of the atmospheric ones. His method is a very fertile 
one in many complex physical investigations, where 
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an exact solution is not attainable. Tin; iiuithod iii:iy 
be best illustrated by one or two simple (ttisi's. 

It is easy for the mathematician to itrovo thtii. Uif, 
period of a swing of a simple pendulum must vtiry us 
the square root of its length. Tho proof does not 
depend on the complete solution of tho iiroblom, w> 
that even if it were insoluble ho would still be; sure; of 
the correctness of his conclusion. If, thou, a givtm 
pendulum is observed to swing in a certain ])t!rio<l, it 
is certain that a similar pendulum of four tinum the 
length will take twice as long to perform its oscillation. 
In the same way, the engine power rocpiircd for a ship 
is determinable from experiments on tlio rosistaiufo 
suffered by a small model when towed through tho 
water. The correct conclusion is discovered in this 
case, although it is altogether impossible to discover 
the resistance of a ship by a pnori reasoning. 

The wave motion at the surface sc'parating two 
fluids of different densities presents anotlior problem 
of the same kind, and if the result is known in one 
case, it can be confidently predicted in another. , Now 
oceanic waves generated by wind afford the known 
case, and Helmholtz has thence determined by 
analogy the lengths of the atmospheric waves wliich 
must exist aloft. By making plausible Hui)positionH 
as to the densities of the two layers of air and as to 
their relative velocity, he has shown that sea-wavtis «if 
ten yards in length will correspond with air-wav<!H of 
as much as twenty miles. A wave of this length wouhl 
cover the whole sky, and might have a period of half 
an hour. It is clear then that mackerel sky will 
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disappear in stormy weather, because wo are too near 
to the crests and furrows to observe the orderly 
arrangement of the clouds. 

Although the waves are too long to be seen as such, 
yet tlu! unsteadinoss of the barometer in a gale of wind 
affords evidoncn of the correctness of this theory. In 
fact, when the crest of denser air is over the place of 
obscjrvation the barometer rises, and it falls as the 
hollow pasHOH. I'ho waves in the continuous trace of 
the barometer have some tendency to regularity, and 
have periods of from ten minutes to half an hour. 
The analogy seems to be pretty close with the con- 
fused and turbulent sea, often seen in a gale of wind 
in the open ocean." 

Mr. Denison’s application of this theory consists 
in supposing that the vibrations of the sea and of 
lakes are the response of the water to variations in the 
atmospheric pressure. The sea, being squeezed down 
by the greater pressure, should fall as the barometer 
rises, and conversely should rise as the barometer 
falls. He is engaged in a systematic comparison of 
the simultaneous excursions of the water and of the 
barometer on Lake Huron. Thus far the evidence 
seems decidedly favourable to the theory. He con- 
cludes that when the water is least disturbed, so also 

A gviHt of wind will cauHe the barometer to vary, without a 
corrcHpondiiu? cluuif^o in tho density of the air. It is not therefore 
safe to interpret the oscillations of the barometor as being due 
entirely to true (duiugf^s of pressure. If, however, the intormittont 
HtpiallH in a gale are connected with the waves aloft, the waviness of 
the barometi’io trace would still afford signals of thepassagfs of cremts 
and hollows above. 
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is the terometric trace ; and that wlum tli<! undula- 
tions of the lake heeomo largo and rapid, lihc atmo- 
spheric waves recorded by tho baronudor have the 
same character. There is also a conHiderablo dogroi! 
of correspondence between tho periods of tho two 
oscillations. The smaller undulations of tlui water 
correspond with the shorter air-wavcss, and arct 
magnified as they run into narrower and shallower 
places, so as to make conspicuous ‘ vibrations.’ 

It is interesting to note that the vibrations of the. 
water have a tendency to appear before thoso in the 
barometer, so that they seem to give a warning of 
approaching change of weather. It is thus not im- 
possible that we here have the foreshadowing of a now 
form of meteorological instrument, which may bo of 
service in the forecasting of the weather. 

I must, however, emphasize that those conclusions 
are preliminary and tentative, and that much obser- 
vation will be needed before they can bo ostablishod 
as definite truths. Whatever may be the outco«u>, tho 
investigation appears promising, and it is certainly 
already interesting. 
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TIDES IN BIVERS — TIDE MILT-H 

Since most important towns are situated on riverH or 
on estuaries, a large proportion of our tidal obriorvatioiiH 
relates to such sites. I shall thorcfori^ now oouHidiT 
the curious, and at times very striking, phenomena 
which attend the rise and fall of th(‘, tide in rivers. 

The sea resembles a large pond in which tho 
water rises and falls with the oceanic tides n 
river is a canal which leads into it. Tho rhytlunieal 
rise and fall of the sea generate waves whiidi would 
travel up the river, whatever wore tho. (uiuse of the 
oscillation of the sea. Accordingly, a tid(i-wavc in a 
river owes its origin directly to the tide in Iho soa, 
which is itself produced by the tidal attractions of tlu' 
sun and moon. 

We have seen in Chapter II. that. long wavt's 
progress in shallow water at a speed which d(^pcnds 
only on the depth of the water, and that vva.v(w arc to 
be considered as long when their length is at least 
twice the depth of the water. Now tho tido-wavc. in a 

^ The account of the bote in this chapter is ttt appi'ni' it : uu 
article in the Centmy Magazine for October, IKOH. Thu juv (.■iil, 
illnstrations will also be given in the article. 



CH. Ill 


TIDAL CUEEENTS IN KIYEES 


51 


river is many hundreds of times as long as the depth, 
and it must therefore progress at a speed dependent 
only on the depth. That speed is very slow com- 
pared with the motion of the great tide-wave in the 
open ocean. 

The terms ^ ebb ’ and ' flow ’ are applied to tidal 
currents. The current ebbs when the water is reced- 
ing from the land seaward, and flows when it is 
approaching the shore. On the open sea-coast the 
water ebbs as the water-level falls, and it flows as the 
water rises. Thus at high- and low-tide the water 
is neither flowing landward nor ebbing seaward, 
and we say that it is slack or dead. In this case 
ebb and flow are simultaneous with rise and fall, 
and it is not uncommon to hear the two terms used 
synonymously; but we shall see that this usage is 
incorrect. 

f I begin by considering the tidal currents in a 
river of uniform depth, so sluggish in its own proper 
current that it may be considered as a stagnant canal, 
and the only currents to be considered are tid al cur- 
rents. At any point on the river-bank there is a 
certain mean height of water, such that the water 
rises as much above that level at high-water as it falls 
helow it at low-water. The law of tidal current is, then, 
very simple. Whenever the water stands above the 
mean level the current is up-stream and progresses 
along with the tide-wave ; and whenever it stands 
helow mean level the current is down-stream and 
progresses in the direction contrary to the tide- wave. 
Since the current is up-stream when the water is 
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higher than the mean and down-streain wlu'u it, in 
lower, it is obvious that when it standH oxactly at 
mean level, the current is neither up nor down, and 
the water is slack or dead. Also, at the iuouk'uL of 
high-water the current is most rapid iqi-Hlroam, and 
at low-water it is most rapid down-stroam. Hohih' 
the tidal current ‘ flows ’ for a long tiino after high- 
water has passed and when the watcrdevol is falling, 
and ‘ ebbs’ for a long time after low- water and when 
the water-level is rising. 

The law of tidal currents in a uniform earial eoin- 
municating with the sea is thus vw'y different from 
that which holds on an open sea-coast, where slack 
water occurs at high- and at low-wator instead of at 
mean water. But rivers gradually broaden aiul 
become deeper as they approach the coast, and thore- 
fore the tidal currents in actual ('stuarieH must he 
intermediate between the two cases of the open Hea- 
coast and the uniform canal. 

A river has also to deliver a largo (ptantity of 
water into the , sea in the course of a single tida 1 
oscillation, and its own proper current is supcn’iiosed on 
the tidal currents. Hence in actual rivers the resultant 
current continues to flow up-stream after high-wa ter is 
reached, with falling water-level, but ceases flowing 
before mean water-level is reached, and tlui resultant, 
current ebbs down-stream after low-wator, and continues 
to ebb with the rising tide until mean water is reaeliod, 
and usually for some time afterward. The downward 
stream, in fact, lasts longer than the upward one. 
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The moments at which the currents change will differ 
in each river according to the depth, the rise and 
fall of the tide at the mouth, and the amount of water 
delivered hy the river. An obvious consequence of 
this is that in rivers the tide rises quicker than it 
falls, so that a shorter time elapses between low-water 
and high-water than between high-water and low- 
water. 

The tide-wave in a river has another peculiarity of 
which I have not j^et spoken. The complete theory 
of waves would be too technical for a book of this sort, 
and I must ask the reader to accept as a fact that a 
wave cannot progress along a river without changing 



Pig. 15 . — Peogeessive Change op a Wave in 
Shallow Watee 


its shape. The change is such that the front slope of 
the wave gradually gets steeper, and the rear slope 
becomes more gradual. This is illustrated in fig. 15, 
which shows the progress of a wave in shallow water 
as calculated theoretically. If the steepening of the 
advancing slope of a wave were carried to an extreme, 
the wave would present the form of a wall of water ; 
but the mere advance of a wave into shallow water 
would by itself never suffice to produce so great a 
change of form without the concurrence of the natural 
stream of the river. The downward current in the 
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rirer lias^ in fact, a very important influence in head- 
ing the sea-'water hack, and this co-operates with the 
natural change in the shape of a wave as it runs into 
shallow water, so as to exaggerate the steepness of the 
advancing slope of the wave. 

There are in the estuaries of many rivers broad 
flats of mud or sand which are nearly dry at low- 
water, and in such situations the tide not unfrequently 
rises with such great rapidity that the wave assumes 
the form of a wall of water. This sort of tide-wave 
is called a ‘ hore/ and in Trench mascdreL Notwith- 
standing the striking nature of the phenomenon, very 
little has been published on the subject, and I know of 
only one series of systematic observations of the bore. 
A.S the account to which I refer is contained in the 
official publications of the English Admiralty, it has 
probably come under the notice of only a small circle 
of readers. But the experiences of the men engaged 
in making these observations were so striking that 
an account of them should prove of interest to the 
general public. I have, moreover, through the kind- 
ness of Admiral Sir William Wharton and of Captain 
Moore, the advantage of supplementing verbal descrip- 
tion by photographs. 

The estuary on which the observations were made 
is that of the Tsien-Tang-Kiang, a considerable river 
which flows into the China Sea about sixty miles 
south of the great Yang-Tse-Kiang. At most places 
the bore occurs only intermittently, but in this case it 
travels up the river at every tide. The bore may be 
observed within seventy miles of Shanghai, and within 
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i easy walk of the great city of Hangchow ; and yet 
)thing more than a mere mention of it is to he found 

any previous publication^ 

In 1888 Captain Moore, E.N., in command of Her 
ajesty’s surveying-ship ^Eambler/ thought that it 
IS desirable to make a thorough survey of the river 
id estuary. He returned to the same station in 1892 ; 
id the account which I give of his survey is derived 
Dm reports drawn up after his two visits. The 
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mexed sketch-map shows the estuary of the Tsien- 
ang, and the few places to which I shall have 
icasion to refer are marked thereon. 

On the morning of September 19, 1888, the 
Rambler ’ was moored near an island, named after 
le ship, to the south-west of Chapu Bay ; and on the 
)th the two steam-cutters ‘ Pandora ’ and ‘ Gulnare/ 
wing the sailing-cutter ‘'Brunswick,’ left the ship 
ith instruments for observing and a week’s pro- 
sions. 
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Captain Moore had no reason to Hnspeet tliiit 
the tidal currents would prove dangerous out in the 
estuary, and he proposed to go up the <!Htuary about 
thirty miles to Haining, and then follow tlus ni'xt 
succeeding bore up-stream to Hangchow. lUuming 
up-stream with the flood, all went well until about 
11.30, when they were about fifteen milcis south-west 
by west of Kanpu. The leading boat, tlu; ‘ randora,’ 
here grounded, and anchored quickly, but swung 
round violently as far as the keel would hd her. 
The other boats, being unable to stop, came, up 
rapidly ; and the ‘ Gulnare,’ casting off the ‘ Bruns- 
wick,’ struck the ‘ Pandora,’ and then drove on to and 
over the bank, and anchored. The boats soon tloateid 
in the rising flood, and although the engines of the 
steam-cutters were kept going full speed, all three 
boats dragged their anchors in an eleven -knot stream. 
When the flood slackened, the three boats pursued 
their course to the mouth of the river, where they 
arrived about 4 p.m. The ebb was, however, so 
violent that they were unable to anchor near oiu; 
another. Their positions were chosen by the advice 
of some junkmen, who told Captain Moore, very erro- 
neously as it turned out, that they would be safe from 
the night bore. 

The night was calm, and at 11.29 the murmur of 
the bore was heard to the eastward ; it could bo h<suu 
at 11.55, and passed with a roar at 12.20, well over 
toward the opposite bank, as predicted by the Chinese. 
The danger was now supposed to be past ; but at 
1 Ait. a current of extreme violence caught tlio 
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dora/ and she had much difficulty to avoid ship- 
In the morning it was found that her rudder- 
ind propeller-guard were broken, and the ^Bruns- 
’ and the ‘ G-ulnare ’ were nowhere to be seen, 
had, in fact, been in considerable danger, and 
[ragged their anchors three miles up the river. 
L20 A.M. they had been struck by a violent rush 
iter in a succession of big ripples. In a few 
ents they were afloat in an eight-knot current ; 
1 minutes the water rose nine feet, and the boats 
1 to drag their anchors, although the engines of 
Grulnare ’ were kept going full speed. After the 
had dragged for three miles, the rush subsided, 
P’hen the anchor was hove up the pea and the 
er part of the chain were as bright as polished 

his account shows that all the boats were in 
nent danger, and that great skill was needed to 
them. After this experience and warning, the 
y was continued almost entirely from the shore, 
he junks which navigate the river are well aware 
3 dangers to which the English boats were ex- 
, and they have an ingenious method of avoiding 
At various places on the bank of the river 
are shelter platforms, of which I show an illus- 
m in fig. 17. Immediately after the passing of 
ore the junks run up-stream with the after-rush 
uake for one of these shelters, where they allow 
selves to be left stranded on the raised platform 
a in the picture. At the end of this platform 
is a sort of round tower jutting out into the 
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stream. The object of this is to deflect the inaiii 
■wave of the bore so as to protect the junks from 
danger. After the passage of the bore, tlie \vati‘r 
rises on the platform very rapidly, but the junks are 
just able to float in safety. Captain Moore gives a 
graphic account of the spectacle afforded by tho junks 
as they go up-stream, and describes how on 
occasion he saw no less than thirty junks swept up 
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in the after-rush, at a rate of ten knots, past the town 
of Haining toward Hangchow, with all sail set but 
with their bows in every direction. 

Measurements of the water-level were made in tlus 
course of the survey, and the results, in the form of a 
diagram, fig. 18 , exhibit the nature of the bore with 
admirable clearness. The observations of water-level 
were taken simultaneously at three places, viz. Volcam > 
Island m the estuary, Eambler Island near the mouth 
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of Iho river, sintl ilaiiuuK twcnty-nix milen »i|i fiie 
river, hi lhi< liguro, tlu! diHtiUU'e hetwi'en tln' iiiH H 
marked ‘ liaiulik’r ’ and ‘ Voleaiio ’ ri‘|»r<'KeJitK lil’l y-utie 
milc‘w, and that hetwi’en ‘ Haiuidi'r ’ and ‘Hiuiiin<', ’ 
iwimly-Hix miloH. The vortical nealea nhow theheij'ltt 
of water, iiitaiHurod in foot, alam* and ladow the nienn 
lovi‘1 of the wntur at tlioHo throo poiiitn. 'I'ho liiieH 
joinhiif IheHo vertical HcaleH, markod witli the Junira 
of tlie eloek, hlmw tlie lH‘i}.;ht of tlie water ainiiil- 
tanoouHly. 'I'he hour of H.tK) in iadiealial hy tin- 
lowent line; it hIiowk that tlie water waa one foot 
below mean level at N'olcann lalaiid, twelve feet 
below at Ihunbler Inland, and eiKht feet below at 
llainin;f. Thun the water Hloped down from Jlaining 
to Hamblor, and from Volcano to Hainhler; the wat«*r 
wan running up the oatuary toward Itamliler Inland, 
and down the estuary to tho sanio point. At !> and at 
9.H() then’ was no great eliango, hut tho water hail 
risen two or three feet at Voleano Island ami at 
Kamhler Island. Jly ten o'elocdc the water was rising 
rapidly at Itamhler Islaiul, so that then' was a nearly 
uniform slope np tho river from Volcano Island to 
Ilaining. The rise at Kamhler iHland then eonlinuetl 
to he very rapid, whilo the water at Ilaining remaiia-d 
almost stationary. This statoof affairs went, on until 
midnight, hy which time tho water ha<l risen twenty- 
one feet at Kamhler Island, and ahout sis feet at 
Volcano Island, hut had not yet risou at all at ilaiu 
ing. No doubt through the whole of tliis time the 
water was running down tho river from Ilaining 
towa.rd its mouth. It is clear that this was a state of 
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strain "wliicli could not continue long, for there was 
over twenty feet of difference of leTOl between Eambler 
Island, outside, and Haiiiing, in the river. Almost 
exactly at midnight the strain broke down and the 
bore started somewhere between Rambler Island and 
Kanpu, and rushed up the river in a wall of water 
twelve feet high. This result is indicated in the 
figure hy the presence of two lines marked ‘ midnight,’ 
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up to three o’clock. At this point the ehb of the tide 
sets in, I do not reproduce the figure which exhibits 
the fall of the water in the ebbing tide, for it may 
suffice to say that there is no bore down-stream, 
although there is at one time a very violent current. 

In 1892 Captain Moore succeeded, with consider- 
able difficulty, in obtaining photographs of the bore 
as it passed Haining- They tell more of the violence 
of the wave than could be conveyed by any amount of 
description. The photographs, reproduced in fig. 19, 
do not, however, show that the broken water in the 
rear of the crest is often disturbed by a secondary 
roller, or miniature wave, AV'hich leaps up, from time 
to time, as if struck by some unseen force, and dis- 
appears in a cloud of spray. These breakers were 
sometimes twenty to thirty feet above the level of the 
river in front of the bore. 

, The upper of these pictures is from a photograph, 
taken at a height of 27 ft. above the river, as the bore 
passed Haining on October 10, 1892! The height of 
this bore was 11 ft. The lower pictures, also taken at 
Haining, represent the passage of the bore on October 
9, 1892. The first of these photographs was taken at 
1.29 p,M:.,and the second represents the view only one 
minute later. 

The Chinese regard the bore with superstitious 
reverence, and their explanation, which I quote from 
Captain Moore’s report, is as follows : ' Many hun- 
dred years ago there was a certain general who had 
obtained many victories over the enemies of the 
Emperor, and who, being constantly successful and 
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deservedly popular among his countrymen, excited 
the jealousy of his sovereign, who had for some time 
observed with secret wrath his growing influence. 
The Emperor accordingly caused him to be assassi- 
nated and thrown into the Tsien-Tang-Kiang, where 
his spirit conceived the idea of revenging itself by 
bringing the tide in from the ocean in such force as 
to overwhelm the city of Hangchow, then the magnifi- 
cent capital of the empire. As my interpreter, who 
has been for some years in America, put it, ‘‘his sowl 
felt a sort of ngly-like arter the many battles he had 
got for the Emperor.’' The spirit so far succeeded 
as to flood a large portion of the country, when the 
Emperor, heeoming alarmed at the distress and loss 
of property occasioned, endeavoured to enter into a sort 
of compact with it by burning paper and offering food 
upon the sea-wall. This, however, did not have the 
desired effect, as the high tide came in as before ; and 
it was at last determined to erect a pagoda at the spot 
where the worst breach in the embankment had been 
made. Hence the origin of the Bhota Pagoda. A 
pagoda induces the good fiingshid^ or spirit . After it 
was built the flood tide, though it still continued to 
come in the shape of a bore, did not flood the country 
as before.* 

We ‘foreign devils’ may take the liberty of sus- 
pecting that the repairs to the embankment had also 
some share in this beneficial result. 

This story is remarkable in that it refers to the 
reign of an Emperor whose historical existence is 
undoubted. It thus differs from many of the 
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mythical stories which have been invented by 
primitive peoples to explain great natural phenomena. 
There is good reason to suppose, in fact, that this 
bore had no existence some centuries ago ; for 
Marco Polo, in the thirteenth century, stayed about a 
year and a half at Hangchow, and gives so faithful 
and minute an account of that great town that it is 
almost impossible to believe that he would have 
omitted to notice a fact so striking. But the 
Emperor referred to in the Chinese legend reigned 
some centuries before the days of Marco Polo, so that 
we have reason to believe that the bore is intermittent- 
I have also learned from Captain Moore himself that 
at the time of the great Taiping rebellion, the 
suppression of which was principally due to ^ Chinese ’ 
Gordon, the intensity of the bore was far less than it 
is to-day. This shows that the bore is liable to great 
variability, according as the silting of the estuary 
changes. 

The people at Haining still continue to pay 
religious reverence to the bore, and on one of the days 
when Captain Moore was making observations some 
five or six thousand people assembled on the river - 
wall to propitiate the god of the waters by throwing in 
offerings. This was the occasion of one of the highest 
bores at spring tide, and the rebound of the bore from 
the sea-wall, and the sudden heaping up of the waters 
as the flood conformed to the narrow mouth of the 
river, here barely a mile in width at low-water, was a 
magnificent spectacle* A. series of breakers were 
formed on the back of the advancing flood, which for 
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over five minutes were not less than twenty-five feet 
a;T3eve the level of the river in front of the bore. On 
this occasion Captain Moore made a rough estimate 
a million and three-quarters of tons of water 
passed the point of observation in one minute. 

The bore of which I have given an account is 
perhaps the- largest known ; but relatively small ones 
a^re to be observed on the Severn and Vye in England, 
on the Seine in France, on the Petitcodiac in Canada, 
on the Hugh in India, and doubtless in many other 
places. In general, however, it is only at spring 
hides and with certain winds that the phenomenon is 
ajt all striking. In September 1897 I was on the 
Inanks of the Severn at spring tide ; but there was no 
proper bore, and only a succession of waves up-stream, 
and a rapid rise of water-level. 

I have shown, at the beginning of this chapter, 
hhiat the heading back of the sea-water by the natural 
onrrent of a river, and the progressive change of 
shape of a wave in shallow water combine to produce 
rapid rise of the tide in rivers. But the explana- 
tiion of the bore, as resulting from these causes, is 
incomplete, because it leaves their relative import- 
ance indeterminate, and serves rather to explain a 
rreupid rise than an absolutely sudden one. I think 
that it would be impossible, from the mere inspection 
of an estuary, to say whether there would be a bore 
there ; we could only say that the situation looked 
promising or the reverse - 

The capriciousness of the appearance of the bore 
px^oves in fact that it depends on a very nice balance 

F 
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between conflicting forces, and the irrogulai'iiy in 
the depth and form of an estuary renders tluj ('.xaH 
calculation of the form of the rising tide an inipoHsi- 
bility. It would be easy to imitate the boro (^x])tu'i- 
mentally on a small scale; but, as in many otlno* 
physical problems, we must rest satisliod with a 
general comprehension of the causes which produce 
the observed result. 


The manner in which the Chinese avail themselves 
of the after-rush for ascending the river affords an 
illustration of the utilisation by mankind of tidal 
energy. In going up-stream, a barge, say of ono 
hundred tons, may rise some twenty or thirty feet* 
There has, then, been done upon that barge a work of 
from two to three thousand foot-tons. Whence does 
this energy come ? Now, I say that it comes from tli© 
rotation of the earth ; for we are making the tide do 
the work for us, and thus resisting the tidal move*- 
ment. But resistance to the tide has the olToct of 
diminishing the rate at which the earth is spiunin^^ 
round. Hence it is the earth’s rotation which carri(‘H 
the barge up the river, and we are retarding tlu‘ 
earth’s rotation and making the day infinitcmitnally 
longer by using the tide in this way. This resistance! 
is of an analogous character to that due to tidal 
friction, the consideration of which I must defeu: to 
a future chapter, as my present object is to cousidi^r 
the uses which may he made of tidal energy. 

It has been supposed by many that when the coal 
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supply of the world has been exhausted we shall fall 
hack on the tides to do our work. But a little con- 
sideration will show that although this source of 
energy is boundless, there are other far more accessible 
funds on which to draw. 

I saw some years ago a suggestion that the rise 
and fall of old hulks on the tide would afford service- 
able power. If we picture to ourselves the immense 
weight of a large ship, we may he deluded for a 
moment into agreement with this project, but 
numerical calculation soon shows its futility. The 
tide takes about six hours to rise from low-water to 
high-water, and the same period to fall again. Let 
us suppose that the water rises ten feet, and that a 
hulk of 10,000 tons displacement is floating on it ; 
then it is easy to show that only twenty horse- 
power will he developed by its rise and fall. We 
should then require ten such hulks to develop as 
much work as would he given by a steam-engine of 
very moderate size, and the expense of the installation 
would be far better bestowed on water-wheels in 
rivers or on wind-mills. I am glad to say that the 
projector of this scheme gave it up when its relative 
insignificance was pointed out to him. It is the 
only instance of which I ever heard where an 
inventor was deterred by the impracticability of his 
plan. 

We may, then, fairly conclude that, with existing 
mechanical appliances, the attempt to utilise the tide 
on an open coast is futile. But where a large area of 
tidal water can be easily trapped at high-vrater, its 
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fall may lie made to wort mill-wheels or turbines 
with advantage. The expense of building long jetties 
to catch the water is prohibitive, and therefore tide 
mills axe only practicable where there exists an easily 
adaptable configuration of shoals in an estuary* 
There are, no doubt, many such mills in the world, 
but the only one which I happen to have seen is at 
Bembridge, in the Isle of Wight. At this place 
embankments formed on the natural shoals are 
furnished with lock-gates, and inclose many acres of 
tidal water. The gates open automatically with the 
rising tide, and the incipient outward current at 
the turn of the tide closes the gates again, so that the 
water is trapped. The water then works a mill wheel 
of moderate size. When we reflect on the inter- 
mittence of work from low- water to high-water and 
the great inequality of work with springs and neaps, 
it may be doubted whether this mill is worth the 
expense of retaining the embankments and lock- 
gates. 

We see then that, notwithstanding the boundless 
energy of the tide, rivers and wind and fuel are likely 
for all time to be incomparably more important for 
the use of mankind. 

Authoeities 

On waves in rivers see Airy’s article on Tides and Warns in the 
‘ Encyclopaedia Metropolitana.’ Some of his results will also be found 
in the article Tides in the ‘Encyclopaedia Britannica.’ 
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Further M^ort, <fee., by the same author and publisher, 1893. 
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HISTOElOAIi SKETCH 

I CANNOT claim to have made extensive investigations 
as to the ideas of mankind at different periods on the 
subject of the tides, but I propose in the present 
chapter to tell what I have been able to discover. 

No doubt many mythologies contain stories expla- 
natory of the obvious connection between the moon 
and the tide. But explanations, professing at least to 
be scientific, would have been brought forward at 
periods much later than those when the mythological 
stories originated, and I shall only speak of the 
former. 

I have to thank my colleagues at Cambridge for 
the translations from the Chinese, Arabic, Icelandic, 
and classical literatures of such passages as they were 
able to discover. 

I learn from Professor G-iles that Chinese writers 
have suggested two causes for the tides : first, that 
water is the blood of the earth, and that the tides are 
the beating of its pulse ; and secondly, that the tides 
are caused by the earth breathing. Ko Hung, a 
writer of the fourth century of our era, gives a some- 
what obscure explanation of spring and neap-tides. 



70 


HISTORICAL SKETCH 


CH. ly 


He says that every month the sky moves eastward and 
then westward, and hence the tides are greater and 
smaller alternately. Summer tides are said to be 
higher than winter tides, because in summer the sun 
is in the south and the sky is 15,000 li (5,000 miles) 
further off, and therefore in summer the female or 
negative principle in nature is weak, and the male or 
positive principle strong. 

In China the diurnal inequality is such that in 
summer the tide rises higher in the daytime than in 
the night, whilst the converse is true in winter. I 
suggest that this fact affords the justification for the 
.statement that the summer tides are great. 


Mr. E. G. Browne has translated for me the fol- 
lowing passage |from the ‘ Wonders of Creation ’ of 
Zakariyya ihn Muhammad ibn Mahmiid al Qazvini, 
who died in a..d. 1283.^ 

* Section treating of certain wonderful conditions 
of the sea. 

^ Know that at different periods of the four 
seasons, and on the first and last days of the months, 
and at certain hours of the night and day, the seas 
have certain conditions as to the rising of their waters 
flow and agitation thereof. 

rising of the waters, it is supposed that 
when the sun acts on them it rarefies them, and they 
expand and seek a space ampler than that wherein 
they were before, and the one part repels the other in 
^ WiifiteiUeld’s edit., pp. 103-104. 
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th« live (liroctioiia casiwartls, westwardn, wintiiwartiH, 
iiortlnvardH mid upwards, and there arise at the suuie 
time various winds on the shores of tlio sea. Tliis is 
what is said as to the cause of the rising of the 
waters. 

‘ As for tlie How of certain seas at Uio time of llm 
rising of the moon, it is supposed that at the bottom 
of Hindi seas thia-e are solid rocks and hard stones, and 
that when the moon rises over the surface of such a sea, 
its jienetratiiigrays reach thesu rocks and stones whiidi 
are at the Itotiom, and are then T*oflected haidi thence ; 
and the waters are heated and rarefied and seek an 
ampler space and roll in waves towards the sea-shore 
. . . and so it continues as long as the moon sliinoB 
in mid-heaven. But when she begins to decline, the 
boiling of the waters ceases, and the particles cool and 
hocome dense and return to their state' of rest, and 
the currents run according to their wont. This goc'S 
on until the moon reaches the western horizon, when 
the flow hegiiis again, as it did when tlio moon w'aa 
in the eastern horizon- And this flow eontiiiues until 
the moon is at the middle of the sky ladow the 
horizon, when it ceases. Then when tins moon comes 
upward, the flow begins again until she reaidics tho 
ca.storn horizon. This is the account of the How and 
ebb of the sea. ' 

' ' The agitation of the sea rosombles the agitation 
of the humours in men’s bodies, for verily as thou secst 
in the case of a sanguine or bilious man, A-c., the 
liumours stirriugin his body, and then suhsiding little 
by little ; *so likewise tho sea has matters which rise from 
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time to time as they gain strength, whcrcshy it is tlir< >\vii 
into violent commotion which subHidoH littki hy little*. 

[ And this the Prophet (on whom bo tho blcHsingK of 
Grod and his peace) hath exprossed in a pootical 
manner, when he says : “Verily tho Angel, who is net 
over the seas, places his foot in tho soa and tlunicc 
comes the flow; then he raises it and thence comes 
the ebb.” ’ \ 


Mr. Magnusson has kindly searched the old Ice- 
landic literature for references to tho tides. Ijh tho 
Eimbegla he finds this passage : 

‘Beda the priest says that the tides follow the 
moon, and that they ebb through her blowing on 
them, but wax in consequence of her movement.’ 

And again ; 

‘ (At new moon) the moon stands in the way of 
the sun and prevents him from drying up tlu* soa ; 
she also drops down her own moisture. P’or both 
these reasons, at every new moon, the ocean HWidls 
and makes those tides which we call spring-tides. 
But when the moon gets past the sun, ho throws 
down some of his heat upon the sea, and dimi- 
nishes thereby the fluidity of the water. In this 
way the tides of the sea are diminished.’ 

In another passage the author writes : 

‘ But when the moon is opposite to tho sun, the 
sun heats the ocean greatjly, and as nothing imp(.*(h‘s 
that warmth, the ocean boils and the sea flood is 
more impetuous than before— -just as one may soo 
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water rise in a kettle when it boils violently* This we 
call spring-tide.’ 

There seems to be a considerable inconsistency 
in explaining one spring-tide by the interception of 
the sun’s heat by the moon, and the next one by the 
excess of that heat. 

But it is not necessary to search ancient litera- 
tures for grotesque theories of the tides. In 1722 
E. Barlow, gentleman, in ‘An Exact Survey of the 
Tide,’ ^ attributes it to the pressure of the moon on 
the atmosphere. And theories, not less absurd, have 
been promulgated during the last twenty years. 


The Greeks and Eomans living on the shores of 
the Mediterranean had not much occasion to learn 
about the tide, and the passages in classical literature 
which treat of this matter are but few. But where 
the subject is touched on we see clearly their great 
intellectual superiority over those other peoples, whose 
ideas have just been quoted. 

The only author who treats of the tide in any 
detail is Posidonius, and we have to rely for our 
knowledge of his work entirely on quotations from 
him by Strabo.^ 


‘ The Second Edition with Curious Maps.’ (London : John Hooke, 
1722.) 

® My attention was drawn to Strabo by a passage in Sir W. 
Thomson’s (Lord Kelvin’s) Popular Lectures, The Tides, vol. ii. I 
have to thank Mr. Duiffi for the translations which follow from 
Strabo and Posidonius- The work consulted was Bake’s Posidonius 
(Leiden, 1810), but Mr. Duff tells me that the text is very corrupt in 
some places, and he has therefore also consulted a more recent text. 
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Posidonius says that Aristotle attributed the flow 
aud ebb of the sea at Cadiz to the mountainous 
formation of the coast, but he very justly pronounces , 
this to be nonsense, particularly as the coast of 
Spain is flat and sandy. He himself attributes the 
tides to the moon’s influence, and the accuracy of 
his observations is proved by the following interesting 
passage from Strabo : ^ 

* Posidonius says that the movement of the ocean 
observes a regular series like a heavenly body, there 
being a daily, monthly and yearly movement according 
to the influence of the moon. For when the moon is 
above the (eastern) horizon by the distance of one 
sign of the zodiac (i.G. 30 °) the sea begins to flow^ 
and encroaches visibly on the land until the moon 
reaches the meridian. When she has passed the 
meridian, the sea in turn ebbs gradually, until the 
moon is above the western horizon by the distance of 
one sign of the zodiac. The sea then ^remains 
motionless while the moon is actually setting, and 
still more so (sic) so long as the moon is moving 
beneath the earth as far as a sign of the zodiac beneath 
the horizon. Then the sea agam advances until the 
moon has reached the meridian below the earth ; 
and retreats while the moon is moving towards the 
east, until she is the distance of a sign of the zodiac 
below the horizon ; it remains at rest until the moon 
is the same distance above the horizon^ and then 
begins to flow again. Such is the daily movement of 
the tides, according to Posidonius. 

* Teutnex’s Straho, i. p. 236. 
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‘As to tBeir monthly movement, he says that the 
ebbs are greatest at the conjunctions [of the sun and 
moon], and then grow less until the time of half-moon, 
and increase again until the time of full-moon, and 
grow less again until the moon has waned to half. 
Then the increase of the tide follows until the con- 
junction. But the increases last longer and come 
quicker [this phrase is very obscure]. 

‘ The yearly movements of the tides he says he 
learned from the people of Cadiz. They told him that 
the ebb and flow alike were greatest at the summer 
solstice* He guesses for himself that the tides grow 
less from the solstice to the equinox, and then increase 
between the equinox and the winter solstice, and then 
grow less until the spring equinox, and greater until 
the summer solstice.* 

This is an excellent account of the tides at Cadiz, 
but I doubt whether there is any foundation for that 
part which was derived from hearsay. Lord Kelvin 
remarks, however, that it is interesting to note that 
inequalities extending over the year should have been 
recognised. 

Strabo also says that there was a spring near 
Cadiz in which the water rose and fell, and that this 
was believed by the inhabitants, and by Polybius, to 
be due to the influence of the ocean tide, but Posi- 
donius was not of this opinion. Strabo says : 

‘Posidonius denies this explanation. He says 
there are two wells in the precinct of Hercules at 
Cadiz, and a third in the city. Of the two former 
the smaller runs dry, while people are drawing water 
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from it, and when they stop drawing water it fills 
again ; the larger continues to supply water all day,# 
hut, like all other wells, it falls during the day hut is 
replenished at night, when the drawing of water has 
ceased. Eut since the ebb-tide often coincides with 
the replenishing of the well, therefore, says Posidonius, 
the idle story of the tidal influence has been believed 
hy the inhabitants.’ 

Since the wells follow the sun whilst the tide 
follows the moon, the criticism of Posidonius is a very 
just one. Eut Strabo blames him for distrusting the 
Cadizians in a simple matter of everyday experience, 
whilst accepting their evidence as to an annual 
inequality in the tides. 

There is another very interesting passage in 
Strabo, the meaning of which was obviously unknown 
to the Dutch commentator Bake — and indeed must 
necessarily have been unintelligible to him at the time 
when he wrote, on account of the then prevailing 
ignorance of tidal phenomena' in remoter parts of the 
world. Strabo writes : 

" Anyhow Posidonius says that Seleucus of the Bed 
Sea [also called the Babylonian] declares that there 
is a certain irregularity and regularity in these phe- 
nomena [the tides], according to the different positions 
[of the moon] in the zodiac. "While the moon is in 
the equinoctial signs, the phenomena are regular ; but 
while she is in the s^ns of the solstices, there is 
irregularity both in the height and speed of the 
tides, and in the other signs, there is regularity or 
the reverse in proportion to their nearness to the 
solstices or to the equinoxes/ 
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Now lot. iiH wmHidor tho moaning of thm. Wlion 
the viooit Ih ill tlit< wjuinosoH aho is on tho oqimtnr, 
luitl whon hIio Ih in thoaolKticoB hIio ih at hor nmxiiniun 
(listanooH to (ho north or south of tho wjuator or, 
as astronoinorB any, in hor groatost north or Hinith 
(hiclhmtion. Ihinco SiiIoucuh nioans that, when tho 
tnoon w on tho oquiitor, tho tultm follow oiui unofhor, 
with two pijual high- and low-wators a ilay ; hut w lion 
Hhe is distant from tho oqtiator, tho rogiilar HOiiuonco 
is intorruptiHl. In othor words, the diurnal in<H(UHlity 
(which I shall explain in a later chapter) vanishes 
whon tho moon is on tho (‘quator, and is at its 
niaximuiu when the declination is groatost. This is 
(luite correct, and since tho diurnal inequality is 
almost ovanescout in tho Atlantic, whilst it is very 
giaiat in the Indian Ocean, ospocinlly about Aden, it is 
clear that Selcucus had watched tho sea there, just 
as we should expect him to do from Ids place of 
origin. 


Many centnrii'H idapsod after the classical ])oriod 
before any scientihc thought was hestowod on tho 
tides. Kepler reeognisod tho tendency of tho water 
on tho earth to move towards tho sun and tho moon, 
hut ho was unaWo to submit his theory to calculation, 
(ialileo expresses his rogrot that so acute a man as 
Kepler should have produced a theory, which appiaircd 
to him to reintroduce tho occult qualities of the 
ancient })hilosoplu)rs. His own explanation referred 
tho phonomiiiiou to tho rotation of tho earth, and he 
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considered that it afforded a principal proof of the 
Oopernican system. 

The theory of tide-generating force which, will be 
set forth in Chapter V. is due to Newton, who 
expounded it in his ^Principia ’ in 1687. His theory 
affords the ffrm basis on which all subsequent work 
has been laid. 

In 1738 the Academy of Sciences of Paris offered 
the theory of the tides as the subject for a prize. 
The authors of four essays received prizes, viz. Daniel 
Bernoulli, Euler, Maclanrin, and Cavalleri. The first 
three adopted, not only the theory of gravitation, but 
also Newton’s theory to its fullest extent. A con- 
siderable portion of Bernoulli’s work is incorporated 
in the account of the theory of the tides, which I 
shall give later. The essays of Euler and Maclaurin 
contained remarkable advances in mathematical 
knowledge, but did not add greatly to the theory of 
the tides. The Jesuit priest Cavalleri adopted the 
theory of vortices to explain the tides, and it is not 
worth while to follow him in his erroneous and obsolete 
speculations. 

Nothing of importance was added to our knowledge 
until the great French mathematician Laplace took up 
the subject in 1774, It was he who for the first time 
fully recognised the difficulty of the problem, and 
showed that the earth’s rotation is an essential feature 
in the conditions. The actual treatment of the tidal 
problem is in effect due to Laplace, although the 
mode of presentment of the theory has come to differ 
considerably from Ms. 
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Sabseq[uently to Laplace, the most important 
workers in this field hare been Sir John Lubbock 
senior, Whewell, Airy, and Lord Kelvin. The work of 
Lubbock and “Whewell is chiefly remarkable for the 
co-ordination and analysis of enormous masses of data 
at various ports, and the construction of trustworthy 
tide- tables- Airy contributed an important review of 
the whole tidal theory. He also studied profoundly 
the theory of waves in canals, and considered the 
effects of frictional resistances on the progress of 
tidal and other waves. 

Lord Kelvm initiated a new and powerful method 
of considering tidal oscillations. His method pos- 
sesses a close analogy with that already used in 
discussing the irregularities in l;he motions of the moon 
and planets. ’ His merit consists in the clear percep- 
tion that the plan of procedure, which has been so 
successful in the one case, would be applicable to the 
other. The difference between the laws of the moon’s 
motion and those of tidal oscillations is, however, so 
great that there is scarcely any superficial resemblance 
between the two methods. This so-called ^harmonic 
analysis ’ of the tides is daily growing in favour in the 
eyes of men of science, and is likely to supersede all 
the older methods. I shall explain it in a future 
chapter. 

Amongst all the grand work which has been 
bestowed on this difficult subject, Newton stands out 
first, and next to him we must rank Laplace. How- 
ever original any future contribution to the science of 
tides may be, it would seem as though it must perforce 
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be based on the work of these two. The exposition 
which I shall give hereafter of the theory of oceanic 
tides is based on the work of Newton, Bernoulli, 
Laplace, and Kelvin, in proportions of which it would 
be difficult to assign the relative importance. 


The connection between the moon and tho tide is 
so obvious that long before the formulation of a satie- 
factory theory fairly accurate predictions of tho titles 
were made and published. On this head Whewell ’’ has 
the following interesting passage : 

‘The course which analogy would have recom* 
mended for the cultivation of our knowledge of tides, 
would have been to ascertain by an analysis of long 
series of observations, the effects of changes in the 
time of transit, parallax and declination of the moon, 
and thus to obtain the laws of phenomena ; and then 
to proceed to investigate the laws of causation. 

‘ Though this was not the course followed by 
mathematical theorists, it was really pursued by those 
who practically calculated tide-tables ; and tho appli- 
cation of knowledge to the useful purposes of Hfo 
being thus separated from the promotion of tho 
theory, was naturally treated as a gainful pro|)crty, 
and preserved by secrecy. . . . Liverpool, London, 
and other places, had their tide-tables, constructed by 
undivulged methods, which methods, in some in- 
stances at least, were handed down from fatlnsr to 

‘ Sistory of the IndneUve Sciences, 1837, vol. ii. p. 248 et seq. 
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son for Hoveral gciuirjilions as a faiuily jioKHcHHinii ; 
and tlici publication of new tables acconipaniod liy a 
Htatomont of tlus niodo of calculation, was rcsontt'il as 
an infringement of tlio rights of property. 

‘ 'J'li(‘ mode in which those secret methods were 
invimtod was that which we have pointed out;-- the 
analysiH of a considerahlo series of observations. 
Probably the best I'Xamplo of this was affoialed by the 
Liverpool tide-tables, d'hoso wore deduced by a 
clergyman named Holden, from observations made at 
that port by a harbour-master of the name of 
Ifutcliinson ; wlio was led, by a love of such pursuits, 
to observe tho tides for above twi'uty yoars, day and 
night. Holden’s tables, founded on four years of 
these observations, were reinarkalily accurate. 

‘ At length men of science began to perceive that 
such calculations wore part of their businosH ; aiul 
that they were called upon, as the guardians of tlie 
established theory of the universe, to compare it in the 
greatest possible detail with tho facts. Mr. rndibock 
was the first mathoniatician who undertook tho 
oxtonsivi! labours which such a conviction HUggestinl. 
Finding that regular tide-oliservations had been made 
at the London Docks from 1795, bo took nineteen 
years of tlieso (puriiosidy selecting tho longtli of tlio 
cycle of the motions of the lunar orbit), and causc'd 
them (in IHHl) to be analysed by Mr. Dessioii, an 
export calculator. Ho thus obtained tables for the 
effect of the moon’s declination, parallax, and lumr of 
transit, on the tides; and was enabled to produce Ihle- 
tahk'H foundi'd upon the data thus obtained. Home 

o 
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mistakes in these as first published (mistakes un- 
important as to the theoretical value of the work) 
served to show the jealousy of the practical tide- 
table calculators, by the acrimony with which the 
oversights were dwelt upon ; but in a very few years, 
the tables thus produced by an open and scientific 
process, were more exact than those which resulted 
from any of the secrets ; and thus practice was 
brought into its proper subordination to theory/ 

Authorities 

The history from G-alileo to Laplace is to be found in the 
Mdcanique Celeste of Laplace, book xiii. chapter i. 

The other authorities are quoted in the text or in footnotes. 



€11. V 


TI I),E-GKNE,flATINO VOUi ’ I*: 


8^1 


CHAPTER V 

TXl>H-aHHKIlATIN(i FOHCB 


It woulxl iiocKi wiatlicmiatieiil remHcniing to ful 1 \* 
explain how the iittraotioiiB of tlie Bun and moon |j[ivn 
riHo tn ti(l(i"^ontnTitiii<j: forcKiB. But an ihin book in not 
inh'iulod for the inatheniatician, I nuiHt endeiivour to 
(liBiKniHo with tcndniiiral language. 

A body in motion will move in a Htraiglit line, 
unloHH it IB (hdUnded from its straight path hy some 
(ixternal forca^ and the reHistanee to the. thdbudion is 
said to be duc^ to inertia. The motion of tlu^ body 
then in (‘({uiva,h.mt in itHeffeid to a force \vlii<di oppoH(»H 
the deflection <Uio to the exttnmal foret*, and in mnixy 
caHOK it iH permisHibhi to abatraet our a,tt<'ntion from 
the motion of tin? syntmu atid to rt‘gard it an at rcmt, 
if at tlu‘ satne time wai introdiuu* the proper id<‘nl 
forces, due to imudia., so that they shall balanec* the 
ae.lion of the real external farces. 

If I ti('. a string to a stone ami whirl it rmimh ihe 
string is thrown into astute of hnisiom TIu* natural 
teiuhnu'y of tlu*, stone, at each instant, is to rnovi* urn 
ward in a straight line, hut it is continuously (kdleidecl 
from its straight path by the tension of Ibe string. 
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In tMs case the ideal force, dxie to inertia, 'whereby 
the stone resists its continuous deflection is called 
centrifugal force. This force is in reality only a 
substitute for the motion, but if we withdraw our 
attention from the motion, it may be regarded as a 
reality. 

The centrifugal force is transmitted to my hand 
through the string, and I thus experience an outward 
or centrifugal tendency. But the stone itself is con- 
tinually pulled inward by the string, and the force is 
called centripetal. When a string is under tension, as 
in this experiment, it is subject to eq[ual and opposite 
forces, so that the tension implies the existence of a 
pair of forces, one towards and the other away from 
the centre of rotation. The force is to be regarded as 
away from the centre when we consider the seuisatioii 
of the whirler, and as towards the centre when we 
consider the thing whirled. A similar double view 
occurs in commerce, where a transaction which stands 
on the credit side in the books of one merchant, 
appears on the debit side in the books of the other* 

This simple experiment exemplifies the mechanism 
by which the moon is kept revolving round the earth. 
There is not of course any visible connection between 
the two bodies, but an invisible bond is provided by 
the attraction of gravity, which replaces the string 
which unites the stone to the hand. The moon, 
then, whirls round the earth at just such a rate 
and at just such a distance, that her resistance to 
circular motion, called centrifugal force, is counter- 
balanced by the centripetal tendency of gravity* If 



('ll. V 


TIIH aiOON’S ORBITAL MOTION 




Hho wor(5 nearer to ub the attmetion of gravity would 
ho groator, and whe would have to go round IJio ciirth 
faster, ho as to make enough eonlrifugal force to 
counterbalance the greater gravity. 3'he conversfi 
would be true, and the moon would go round ulower, 
if she w<jre further from us. 

The moon and the earth go round the buti in com- 
panionship once in a year, but this annual tnoliim 
does not atfeet the interaction between thorn, and wo 
may put aside the orbital motion of the earth, and 




RaHh 240,000 miles Moon 

Fig, 20.— Eabth and Mdon 


suppose the moon and earth to bo the only pair of 
bodies ill existence. When the principle involved in a 
purely lunar tide is grasped, the action of I, bo huh 
in producing a solar tide will become obviouH. But 
the analogy of the string and stone is imperfect in mu! 
respect where the distinction is important; the moon, 
in fact, does not revolve exactly about the earth, but 
about the centre of gravity of the earth and moon. 
The earth is eighty times as heavy as the moon, and 
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so tHs centre of gravity is not very far from tlie 
earth’s centre. The upper of figures 20 is intended 
to represent a planet and its satellite ; the lower of 
the figures shows the earth and moon in their true 
proportions. The upper figure is more convenient for 
our present argument, and the planet and satellite 
may be described as the earth and the moon, notwith- 
standing the exaggeration of their relative |)roportions. 
The point Gr is the centre of gravity of the two, and 
the axis about which they revolve passes through G* 
This point is sufficiently near to the centre of the earth 
to permit us, for naany purposes, to speak of the moon 
as revolving round the earth. But in the present case 
we must he more accurate and must regard the moon 
and earth as revolving round G, their centre of gravity. 
The moon and earth are on opposite sides of this 
point, and describe circles round it. The distance of 
the moon’s centre from G is 237,000 miles, whilst 
that of the earth’s centre is only 3,000 miles in the 
opposite direction. The 3,000 and 237,000 miles 
together male up the 240,000 miles which separate 
the centres of the two bodies. 

A. system may now be devised so as to resemble 
the earth and moon more closely than that of the 
string and stone with which I began. If a large stone 
mrd a small one are attached to one another by a 
light and stiff rod, the system can be balanced hori*- 
zontally about a point in the rod called the centre of 
gravity G. The two weights may then be set whirling 
about a pivot at G, so that the rod shall always be 
horizontal. In consequence of the rotation the rod 
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is brought into a state of stress, just as was the string 
in the first example, and the centripetal stress in the 
rod exactly counterbalances the centrifugal force. 
Lhe big and the little stones now correspond to the 
earth and the moon, and the stress in the rod plays 
the same part as the invisible bond of gravity between 
the earth and the moon. Fixing our attention on 
the smaller stone or moon at the end of the longer 
arm of the rod, we see that the total centrifugal force 
acting on the moon, as it revolves round the centre of 
gravity, is equal and opposite to the attraction of the 
earth on the moon. On considering the short arm of 
the rod between the pivot and the big stone, we see 
also that the centrifugal force acting on the earth is 
equal and opposite to the attraction of the moon on 
it. In this experiment as well as in the former one, 
we consider the total of centrifugal force and of 
attraction, but every particle of both the celestial 
bodies is acted on by these forces, and accordingly a 
closer analysis is necessary. 

It will now simplify matters if we make a supposi- 
tion which departs from actuality, introducing the true 
conditions at a later stage in the argument. 

The earth’s centre describes a circle about the 
centre of gravity G, with a radius of 3,000 miles, and 
the period of the revolution is of course one month. 
Now whilst this motion of revolution of the earth’s 
centre continues, let it be supposed that the diurnal 
rotation is annulled- As this is a mode of revolution 
which differs from that of a wheel, it is well to explain 
exactly what is meant by the annulment of the diurnal 
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rotation. This is illustrated in fig. ■which shows 
the successiYe positions assumed by an arrow in revo- 
lution without rotation. The shaft of the arrow alwajs 
remains parallel to the same direction in space, and 
therefore it does not rotate, althougli the whole arrow 
revolYes. It is obvious that every particle of the 
arrow describes a circle of the same radius, but that 
the circles described by them are not concentric. The 
circles described by the. point and by the base of the 
arrow are shown in the figure, and their centres are 
separated by a distance equal to the length of the 
arrow. Now the centrifugal force on a revolving 
particle acts along the radius of the circle described, 
and in this case the radii of the circles described by 


any two particles in the arrow are always parallel. 
The parallelism of the centrifugal forces at the two 
ends of the arrow is indicated in the figure. Then 
again, the centrifugal force must everywhere be equal 
as well as parallel, because its intensity depends both 
on the radius and on the speed of revolution, and 
these are the same for every part. It follows that if 
a body revolves without rotation, every part of it is 
subject to equal and parallel centrifugal forces. The 
same must therefore he true of the earth when 


deprived of diurnal rotation. Accordingly every 
particle of the idealised non-rotating earth is con- 
tinuously subject to equal and parallel centrifugal 
forces, m consequence of the revolution of the earth 
centre in its monthly orbit with a radius of 3,000 miles. ^ 

. . , ' ^ suggestion of this method of presenting the origin of 

tide-generating force to Professor JDaTis of Harvard University. 
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We have seen that the total of eontrifiigal f(*ree 
acting on the whole earth must be just such as to 
balance the total of the centripetal fortu-s due hi the 
moon’s attraction. If, then, the attraetional fore(*n, 
acting on every particle of the earth, wore also 
and parallel, there would be a perfect balance through- 
out. We shall see, however, that although there i.s a 
perfect balance on the whole, there is not that uni- 



formity which would render the balance pc ^r feet at 
every particle. 

As far as concerns the totality of the attraction 
the analogy is complete between the larger stone, 
revolving at the end of the shorter arm of the rod, 
and the earth revolving in its small orbit round (1. 
But a difference arises when we compares the dis- 
tribution of the tension of the rod with that of tlui 
lunar attraction ; for the rod only pulls at the storui 
at the point where it is attached to it, wluu-cas the 
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moon attracts every particle of the earth. She does 
not, hovrever, attract every particle with equal force, 
for she pulls the nearer parts more strongly than the 
further, as is obvious from the nature of the law of 
gravitation. The earth’s centre is distant sixty tunes 
its radius from the moon, so that the nearest and 
furthest parts are distant fifty-nine and sixty-ono 
radii respectively. Hence the attractions at the 
nearest and furthest parts differ only a little from the 
average, namely, that at the centre; but it is just 
these small differences which are important in this 
matter. 

Since on the whole the attractions and the centri- 
fugal forces are equal and opposite, and since the 
centrifugal forces acting on the non-rotating earth are 
equal and parallel at every part, and since the attrac- 
tion at the earth’s centre is the average attraction, it 
follows that where the attraction is stronger than the 
average it overbalances the centrifugal force, and 
where it is weaker it is overbalanced thereby. 

The result of the contest between the two sets of 
forces is illustrated in fig. 22. The circle rej)resents 
a section of the earth, and the moon is a long way off 
in the direction m. 

Since the moon revolves round the earth, whilst 
the earth is still deprived of rotation, the figure only 
shows the state of affairs at a definite instant of time. 
The face which the earth exhibits to the moon is 
always changing, and the moon returns to the same 
side of the earth only at the end of the month. 
Hence the section of the earth shown in this figure 
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always passes through the moon, while it is continually 
shifting with respect to the solid earth. The arrows 
in the figure show by their directions and lengths 
the magnitudes and directions of the overbalance 
in the contest between centrifugal and centripetal 
tendencies. The point v in the figure is the middle 
of the hemisphere, which at the moment portrayed 
faces full towards the moon. It is the middle of 


D 
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the round disc which the man in the moon looks at. 
The middle of the face invisible to the man in the 
moon is at i. The point of the earth which is only 
fifty -nine earth’s radii from the moon is at v. Here 
attraction overbalances centrifugal force, and this 
is indicated by an arrow pointing towards the moon. 
The point distant sixty-one earth’s radii from the 
moon is at i, and attraction is here overbalanced, 
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as indicated by the arrow pointing away from the 
moon. 

I shall have to refer hereafter to the intensities of 
these forces, and will therefore here pause to mate 
some numerical calculations. 

The moon is distant from the earth’s centre sixty 
times the earth’s radius, and the attraction of gravity 
varies inversely as the scjuare of the distance. Hence 
we may take or as a measure of the intensity 
of the moon’s attraction at the earth’s centre. The 
particle which occupies the centre of the earth is also 
that particle which is at the average distance of all 
the particles constituting the earth’s mass. Hence 
gh or 3 — may be taken as a measure of the average 
attraction of the moon on every particle of the earth. 

Now the point v is only distant fifty-nine earth’s 
radii from the moon, and therefore, on the same 
scale, the moon attraction is measured by ^ or 

The attraction therefore at v exceeds the average 
3,481 3 , 600 * will be well to express 

these results in decimals; now 3 ^ is *000,287,27, 
and ~~ is -000,277578, so that the difference is 
•000,009,49. It is important to notice that or 
to *000,009,26 ; so that the difference 
is nearly eq[ual to ^3 

Again, the point I is distant sixty-one earth’s radii 
from the moon, and the moon’s attraction there is 
to be measured by i* or 3 ^^. The attraction at i 
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therefore falls below the average by — 
zWo-^Ti ; that is to say, by -000,277,78 --000,268,75, 
which is equal to *000,009,03. This again does not 
differ much from 

These calculations show that the excess of the 
actual attraction at v above the average attraction 
is nearly equal to the excess of the average above the 
actual attraction at i. These two excesses only differ 
from one another by 5 per cent, of either, and they 
are both approximately equal to on the adopted 
scale of measurement. 

The use of any particular scale of measurement 
is not material to this argument, and we should 
always find that the two excesses are nearly equal to 
one another. And further, if the moon were distant 
from the earth by any other number of earth’s radii, 
we should find that the two excesses are each nearly 
equal to 2 divided by the cube of that number.^ 

We conclude then that the two overbalances at v 
and I, which will be called tide-generating forces, are 
nearly equal to one another, and vary inversely as the 
cube of the distance of the moon from the earth. 


^ This argument is very easily stated in algebraic notation. If x 
be the number of earth’s radii at which the moon is placed ; the 
points V and i are respectively distant cc— 1 and a; + l radii. Now 
(cc—l)** is nearly equal to x^—2x or to a;-{l— |), and therefore is 

nearly equal to which is nearly equal to J (i + |). Hence 


- A is nearly equal to Jr- By a similar argument (a? + 1)® is nearly 
equal to (c2(l + |), and is nearly equal to so that 

- (Ml)’ is nearly e(iual to |i . 
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The fact of the approximate equality of the over- 
balance or excess on the two sides of the earth is 
noted in the figure by two arrows at v and i of equal 
lengths. The argument would he a little more com- 
plicated, if I were to attempt to follow the mathema- 
tician in his examination of the whole surface of the 
earth, and to trace from point to point how the 
balance between the opposing forces turns. The 
reader must accept the results of such an analysis 
as shown in fig. 22 by the directions and lengths of 
the arrows.' 

We have already seen that the forces at v and 
I, the middles of the faces of the earth which are 
visible and invisible to the man in the moon, are 
directed away from the earth’s centre. The edges of 
the earth’s disc as seen from the moon are at n 
and D, and here the arrows point inwards to the 
earth’s centre and are half as long as those at v and i. 
At intermediate points, they are intermediate both in 
size and direction. 

The only point in -which the system considered 
differs from actuality is that the earth has been 
deprived of rotation. But this restriction may 
be removed, for, when the earth rotates once in 24 
hours, no difference is made in the forces which 
I have been trying to explain, although of course the 
force of gravity and the shape of the planet are 
affected by the rotation. This figure is called a dia- 
gram of tide-generating forces, because the tides of the 
ocean are due to the action of this system of forces. 

The explanation of tide -generating force is the 
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very kernel of our subject, and, at the risk of being 
tedious, I shall look at it from a slightly different 
point of view. If every particle of the earth and of 
the ocean were acted on by equal and parallel forces, 
the whole system would move together and the ocean 
would not be displaced relatively to the earth ; we 
should say that the ocean was at rest. If the forces 
were not quite equal and not quite parallel, there would 
be a slight residual effect tending to make the ocean 
move relatively to the solid earth. In other words, 
any defect from equality and parallelism in the forces 
would cause the ocean to move on the earth’s surface. 

The forces which constitute the departure from 
equality and parallelism are called ‘tide-generating 
forces,’ and it is this system which is indicated by the 
arrows in fig. 22. Tide-generating force is, in fact, 
that force which, superposed on the average force, 
makes the actual force. The average direction of 
the forces which act on the earth, as due to the 
moon’s attraction, is along the line' joining the 
earth’s centre to the moon’s centre, and its average 
intensity is equal to the force at the earth’s centre. 

Now at V the actual force is straight towards m, 
in the same direction as the average, but of greater 
intensity. Hence we find an arrow directed towards m, 
the moon. At i, the actual force is again in the same 
direction as, but of less intensity than, the average, and 
the arrow is directed away from m, the moon. At n, 
the actual force is almost exactly of the same inten- 
sity as the average, but it is not parallel thereto, and 
we must insert an inward force as shown by the arrow. 
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SO that ^hen this is compounded with the ayerage 
force we may get a total force in the right direction. 

Now let ns consider how these forces tend to affect 
an ocean lying on the surface of the earth. The moon 
is directly oyer the head of an inhabitant of the earth, 
that is to say in his zenith, when he is at y ; she is 
right under his feet in the nadir when he is at i ; and 
she is in the observer’s horizon, either rising or setting, 
when he is anywhere on the circle n. When the in- 
habitant is at y or at I he finds that the tide-generating 
force is towards the zenith ; when he is anywhere on 
the circle n he finds it towards the nadir. At other 
places he finds it directed towards or away from some 
point in the sky, except along two circles half-way 
between v and n, or between r and n, where the tide- 
generating force is level along the earth’s surface, and 
may he called horizontal. 

A vertical force cannot make things move side- 
ways, and so the sea will not be moved horizontally 
by it. The vertical part of the tide-generating force 
is not sufficiently great to overcome gravity, but will 
have the effect of making the water appear lighter or 
heavier. It will not however be effective in moving 
the water, since the water must remain in contact 
with the earth. We want, then, to omit the vertical 
part of the force and leave behind only the horizontal 
part, by which I mean a force which, to an observer 
on the earth s surface, is not directed either upwards 
or downwards, but along the level to any point of 
the compass. 

If there be a force acting at any point of the 
earth’s surface, and directed upwards or downwards 
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away from or towards some point in the sky other 
than the isenith, it may he decomposed into two forces, 
one vertically upwards or downwards, and another 
along the horizontal surface. Now as concerns the 
making of the tides, no attention need be paid to that 
part which is directed straight up or down, and the 
only important part is that along the surface— the 
horizontal portion. 

Taking then the diagram of tide-generating forces 
in fig. 22, and obliterating the upward and downward 
portions of the force, we are left with a system of 
forces which may be represented by the arrows in the 
perspective picture of horizontal tide-generating force 
shown in fig. 28. 

If we imagine an observer to wander over the 
earth, v is the place at which the moon is vertically 
over his head, and the circle n, shown by the boundary 
of the shadow, passes through all the places at which 
the moon is in his horizon, just rising or setting. 
Then there is no horizontal force where the moon is 
over his head or under his feet, or where the moon is 
in his horizon either rising or setting, but everywhere 
else there is a force directed along the surface of the 
earth in the direction of the point at which the moon 
is straight over -head or under-foot. 

Now suppose p to be the north pole of the earth, and 
that the circle Aj, a^, a-j, a^, a,, is a parallel of latitude 
— say the latitude of London. Then if we watch our 
observer from external space, he first puts in an ap- 
pearance on the picture at Ap and is gradually carried 
along to Ag by the earth’s rotation, and so onwards. 

H 
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When he is at Aj, the moon is due south of him, and 
the tide-generating force is also south, hut not very 
large. It then increases, so that nearly three hours 
later, -when he has arrived at Ag, it is considerably 
greater. It then wanes, and when he is at a^ the 
moon is setting and the force is nil. After the moon 
has set, the force is directed towards the moon’s 
antipodes, and it is greatest about three hours aftor 
moon-set, and vanishes when the moon, still being 
invisible, is on the meridian. 

It must be obvious from this discussion that the 
lunar horizontal tide-generating force will differ, 
both as to direction and magnitude, according to 
the position of the observer on the earth and of the 
moon in the heavens, and that it can only be 
adequately stated by means of mathematical 
formul®. I shall in the following chapter consider 
the general nature of the changes which the forces 
undergo at any point on the earth’s surface. 

But before passing on to that matter it should be 
remarked that if the earth and sun had been the only 
pair of bodies in existence the whole of the argument 
would have applied equally well. Hence it follows 
that there is also a, solar tide-generating force, which 
m actuality co-exists with the lunar force. I shall 
hereafter show how the relative importance of these 
two mfluencBs is to be determined. 


A.TTTHOIlia:iES 

Tha^sora^dTaSf rf the tides; for example, 

Lamb’s Jamies, 

nassett s Afydrodpnamics, article riffos'EnoToi Uvi+or, > t i . 

mcaiiique Celeste, &c. ^ -Bntan.,’ Laplace’s 
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CHAPTER VI 

DEFLECTION OF THE VERTICAL 

The intensity of tide-generating force is to be 
estimated by comparison with some standard, and it 
is natural to take as that standard the force of gravity 
at the earth’s surface. Gravity acts in a vertical 
direction, whilst that portion of the tidal force, which 
is actually efficient in disturbing the ocean, is 
horizontal. Now the comparison between a small 
horizontal force and gravity is easily effected by 
means of a pendulum. Eor if the horizontal force 
acts on a suspended weight, the pendulum so formed 
will be deflected from the vertical, and the amount of 
deflection will measure the force in comparison with 
gravity. A sufficiently sensitive spirit-level would 
similarly show the effect of a horizontal force by the 
displacement of the bubble. When dealing with tidal 
forces the displacements of either the pendulum or 
the level must be exceedingly minute, but, if measur- 
able, they will show themselves as a change in the 
apparent direction of gravity. Accordingly a disturb- 
ance of this kind is often described as a deflection of 
the vertical. 

The maximum horizontal force due to tlie moon 
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may be shown, by a calculation, which involves the 
mass and distance of the moon, to ha?e an intensity 
of gravity.^ Such a force must deflect the 

bob of a pendulum by the same fraction of the 
length of the cord by which it is suspended. If there- 
fore the string were 10 metres or BB feet in length, the 
maximum deflection of the weight would be 
of 10 metres, or of a millimetre. In English 
measure this is of an inch. But the tidal force 

‘ It does not oecnr to me that tier© is any very elementary 
method of computing the maximum horizontal tidal force, but it is 
easy to calculate the vertical force at the points v or i in hg. 22. 

The moon weighs T of the earth, and has a radius 1 as large. 
Hence lunar gravity on the moon’s surface is L x 4^, or | of ter- 
restrial gravity at the earth’s surface. The earth’s radius is 4,000 
miles and the moon’s distance from the earth’s centre 240,000 miles. 
Hence her distance from the nearer side of the earth is 236,000 miles. 

Therefore lunar gravity at the earth’s centre is.| x of terrestrial 
gravity, and lunar gravity at the point v is g x ^ of the same. 
Therefore the tidal force at v is | x - 1 x of terrestrial gravity. 
On multiplying the squares of 236 and of 240 by 5, we find that this 
difference is If these fractions are reduced to decimals 

and the subtraction performed, we find that the force at v is 
'000,000,118,44 of terrestrial gravity. When this decimal is written 

as a fraction, we find the result to be of gravity. 

Now it is the fact, although I do not see how to prove it in an 
equally elementary manner, that the maximum horizontal tide- 
generating force has an intensity equal to | of the vertical force at 
V or I. To find |of the above fraction we must augment the denomi- 
nator by one-third part. Hence the maximum horizontal force is 
11 , 2 :^ 1)00 gravity. This number does not agree exactly with that 
given in the text ; the discrepancy is due to the fact that round 
numbers have been used to express the sizes and distance apart of 
the earth and the moon, and their relative masses. 
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is reversed in direction about every six hours, so that 
the pendulum will depart from its mean direction by 
as much in the opposite direction. Hence the excursion 
to and fro of the pendulum under the lunar influence 
will be ipoo inch. With a pendulum one metre, 
or 3 ft. 3 in., in length the range of motion of the 
pendulum bob is of an inch. For any pendu- 
lum of manageable length this displacement is so 
small, that it seems hopeless to attempt to measure it 


^ Springtide 



Fie. 24. —Deflection of a Pendulum:; the Moon and 
Obsekvjsb on the Bquatob 


by direct observation. Nevertheless the mass and 
distance of the moon and the intensity of gravity 
being known with a considerable degree of accuracy, 
it is easy to calculate the deflection of the vertical at 
any time. 

The curves which are traced out by a pendulum 
present an infinite variety of forms, corresponding to 
various positions of the observer on the earth and of 
the moon in the heavens. Two illustrations of these 
curves must suffice. Fig. 24 shows the case when 
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the moon is on the celestial equator and the observer 
on the terrestrial equator. The path is here a simple 
ellipse, which is traversed twice over in the lunar day 
by the pendulum. The hours of the lunar day at 
which the bob occupies successive positions are marked 
on the curve. 

If the larger ellipse be taken to show the displace- 
ment of a pendulum when the sun and moon co- 



S 

Fi&. 25. — Beflection 03? a Pendtilum ; 

THE Moon in N. declination 15^, the Oeserver in latitude 30® 

operate at spring-tide, the smaller one will show its 
path at the time of neap-tide. 

In fig. 25 the observer is supposed to be in lati- 
tude B0°, whilst the moon stands 15° hf . of the equator ; 
in this figure no account is taken of the sun’s force. 
Here also the hours are marked at the successive 
positions of the pendulum, which traverses this more 
complex curve only once in the lunar day. These 
curves are somewhat idealised, for they are drawn on 
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the hypothesis that the moon does not shift her 
position in the heayens. If this fact were taken 
into account, we should find that the cmye woiilcl 
not end exactly where it began, and that the 
character of the cmwe would change slowly from day 
to day. 

But even after the application of a correction for 
the gradual shift of the moon in the heavens, the 
curves would still be far simpler than in actuality, 
because the sun’s influence has been left out of 
account. It has been remarked in the last chapter that 
the sun produces a tide-generating force, and it must 
therefore produce a deflection of the vertical. Although 
the solar deflection is considerably less than the 
lunar, yet it would serve to complicate the curve to a 
great degree, and it must be obvious then that when 
the full conditions of actuality are introduced, the path 
of the pendulum will be so complicated, that mathe- 
matical formulae are necessary for complete represen- 
tation. 

Although the direct observation of the tidal deflec- 
tion of the vertical would be impossible even by aid of 
a powerful microscope, yet several attempts have been 
made by more or less indirect methods. I have just 
pointed out that the path of a pendulum, although 
drawn on an ultra-microscopic scale, can be computed 
with a high degree of accuracy. It may then occur 
to the reader that it is foolish to take a great deal of 
trouble to measure a displacement which is scarcely 
measurable, and which is already known with fair 
accuracy. To this it might be answered that it 
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would be interesting to watch the direct gravitational 
effects of the moon on the earth’s surface. But such 
an interest does not afford the principal grounds for 
thinting that this attempted measurement is worth 
making. If the solid earth were to yield to the lunar 
attraction with the freedom of a perfect fluid, its 
surface would always be perpendicular to the direction 
of gravity at each instant of time. Accordingly a 
pendulum would then always hang perpendicularly to 
the average surface of the earth, and so there would 
be no displacement of the pendulum with reference to 
the earth’s surface. If, then, the solid earth yields 
partially to the lunar attraction, the displacements of 
a pendulum must be of smaller extent relatively to 
the earth than if the solid earth were absolutely rigid. 
I must therefore correct my statement as to our know- 
ledge of the path pursued by a pendulum, and say that 
it is known if the earth is perfectly unyielding. The 
accurate observation of the movement of a pendulum 
under the influence of the moon, and the comparison 
of the observed oscillation, with that computed on the 
supposition that the earth is perfectly stiff, would afford 
the means of determining to what extent the solid 
earth is yielding to tidal forces. Such a result would 
be very interesting as giving a measure of the stiffness 
of the earth as a whole, 

I must pass over the various earlier attempts to 
measure the lunar attraction, and will only explain 
the plan, although it was abortive, used in 1879 by my 
brother Horace and myself. 

Our object was to measure the ultra-microscopic 
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displacements of a pendulum with reference to the 
ground on which it stood. The principle of the appa- 
ratus used for this purpose is due to Lord IleWin ; 
it is very simple, although the 
practical application of it was not 
easy. 

Pig. 26 shows diagrammati- 
cally, and not drawn to scale, a 
pendulum a. b hanging- by two 
wires. At the foot of the pendulum 
there is a support c attached to the 
stand of the pendulum ; d is a 
small mirror suspended by two silk 
fibres, one being attached to the 
bottom of the pendulum b and the 
other to the support c. When the 
two fibres are brought very close 
together, any movement of the pen- 
dulum perpendicular to the plane 
of the mirror causes the mirror to 
turn through a considerable angle. 

The two silk fibres diverge from 
one another, but if two vertical 
lines passing through the two 
points of suspension ate ttiVu 
an inch apart, then when the pen- 
dulum moves one of these points 
through a millionth of an inch, whilst the other 
attached to c remains at rest, the mirror will turn 
through an angle of more than three minutes of arc. 
A lamp is placed opposite to the mirror, and the image 



Pro. 26. — BimAE 
Pendulum 
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of the lamp formed by reflection in the mirror is 
observed. A slight rotation of the mirror corresponds 
to an almost infinitesimal motion of the pendnlum, 
and even excessively small movements of the mirror 
are easily detected by means of the reflected image 
of the light. 

In our earlier experiments the pendulum was hung 
on a solid stone gallows ; and yet, when the apparatus 
was made fairly sensitive, the image of the light 
danced and wandered incessantly. Indeed, the 
instability was so great that the reflected image 
wandered all across the room. We found subsequently 
that this instability was due both to changes of 
temperature in the stone gallows, and to currents in 
the air surrounding the pendulum. 

To tell of all the difficulties encountered might be 
as tedious as the difficulties themselves, so I shall 
merely describe the apparatus in its ultimate form. 
The pendulum was suspended, as shown in fig. 26 , 
by two wires ; the two wires being in an east and 
west plane, the pendulum could only swing north 
and south. It was hung inside a copper tube, just 
so wide that the solid copper cylinder, forming the 
pendulum bob, did not touch the sides of the tube. A 
spike projected from the base of the pendulum bob 
through a hole in the bottom of the tube. The 
mirror was hung in a little box, with a plate-glass 
front, which was fastened to the bottom of the copper 
tube. The only communication between the tube and 
the mirror-box was by the hole through which the 
spike of the pendulum projected, but the tube and 
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mirror-lDos together formed a -water-tight vessel, 
which was filled with a mixture of spirits of wine arid 
boiled water. The object of the fluid was to steady 
the mirror and the pendulum, while allowing its 
slower movements to take place. The water was 
boiled to get rid of air in it, and the spirits of wine 
was added to increase the resistance of the fluid, for 
it is a remarkable fact that a mixture of spirits and 
water has considerably more viscosity or stickiness 
than either pure spirits or than pure water. 

The copper tube, with the pendulum and mirror- 
box, was s-upported on three legs resting on a block of 
stone weighing a ton, and this stood on the native 
gravel in a north room in the laboratory at Cambridge. 
The whole instrument was immersed in a water- 
jacket, which was furnished with a window near the 
bottom, so that the little mirror could be seen from 
outside. A water-ditch also surrounded the stone 
pedestal, and the water jacketing of the whole instru- 
ment made the changes of temperature very slow. 

A gas-jet, only turned up at the moment of 
observation, furnished the light to be observed by 
reflection in the little mirror. The gas burner could 
be made to travel to and fro along a scale in front of 
the instrument. In the preliminary description I 
have spoken of the motion of the image of a fixed 
light, but it clearly amounts to the same thing if we 
measure the motion of the light, keeping the point of 
observation fixed. In our instrument the image of 
the movable gas-jet was observed by a fixed telescope 
placed outside of the room. A bright light was 
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anfortiinately necessary, because there was a wy 
great loss of light in the passages to and fro through 
two pieces of plate glass and a considerable thickness 
of water. 

Arrangements were made by which, without, 
entering the room, the gas-jet could be turned up and 
down, and could be made to move to and fro in the 
room in an east and west direction, until its image 
was observed in the telescope. There were also ad- 
justments by which the two silk fibres from which 
the mirror hung could he brought closer together or 
further apart, and thns make the instrument more 
or less sensitive. There was also an arrangement by 
which the image of the light could be brought into 
the field of view, when it had wandered away beyond 
the limits sillowed for by the traverse of the gas- 
jet. 

When the instrument was in adjustment, an 
observation consisted of moving the gas-jet until its 
image was in the centre of the field of view of the 
telescope ; a reading of the scale, by another telescope, 
determined the position of the gas-jet to within about 
a twentieth of an inch. 

The whole of these arrangements were arrived at 
only after laborious trials, but all the precautions 
were shown by experience to be necessary, and were 
possibly even insuffieient to guard the instrument from 
the effects of changes of temperature. I shall not ex- 
plain the manner in which we were able to translate the 
displacements of the gas-jet into displacements of the 
pendulum. It was not very satisfactory, and only 
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gave approximate results. A subsequent form of an 
instrument of this kind, designed by my brother, has 
been much improved in this respect. It was he also 
who designed all the mechanical appliances in the ex- 
periment of which I am speaking. 

It may be well to reiterate that the pendulum was 
only free to move north and south, and that our 
object was to find how much it swung. The east and 
west motion of a pendulum is equally interesting, but 
as we could not observe both displacements at the 
same time, we confined our attention in the first 
instance to the northerly and southerly movements. 

When properly adjusted the apparatus was so sensi- 
tive that, if the bob of the pendulum moved through 
40 ooot^^ of a millimetre, that is, a millionth part of an 
inch, we could certainly detect the movement, for it 
corresponded to a twentieth of an inch in our scale 
of position of the gas-jet. When the pendulum bob 
moved through this amount, the wires of the pendulum 
turned through one two-hundredth of a second of arc ; 
this is the angle subtended by one inch at 770 miles 
distance. I do not say that we could actually 
measure with this degree of refinement, but we could 
detect a change of that amount. In view of the 
instability of the pendulum, which still continued to 
some extent, it may be hard to gain credence for 
the statement that such a small deflection was a 
reality, so I will explain how we were sure of our 
correctness. 

In setting up the apparatus work had to be con- 
ducted inside the room, and some preliminary obser- 
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YationH of tlie rallaotiMl ittjagti of a jil 

were noKle without the iwii nf llio Tfit! 

scale on which the refleetetl sjNif of lighf tVI! 1,1:4 luid 
on the ground at alanil Beveii fwf frviu the iiiHirii" 
ment; in order to watch it I liiielt lUi tlie jiiiisefio'fii 
bcihind the Bc.aloi and h»ant over it* I wan one 4 a\ 
watching on tln^ scalt^ the H|iot of light wliieh rwruh d 
the motion of the pendulum, iinih tired iiiili 

Imoeling, Hupporttul part of iny w«dg}ii 011 iiiy liiiinE, 
a few iucdioH in front of the Benin. Tlif> pliire mherif 
my handH rentod wan on the hare eiirth, frniii ^ihirli 1 % 
paving Btone had hc«ui nutioved. I wiw Btirpriiod t«i 
find quite a large cliange in th«^ rending. It Beifiiiiil 
at first incredible that my change of piwitioti miiji tiii 
cause, but, after Boveral triiilH, ! foiind tliiit liglit 
pressure with one hand was quite «ufliei«»iit to iirfuliieii 
an effect. It must b(^ rennanhertffi I hut tliw wik wit 
simply a small pressure didivered on iliii hum l•artJl 
at, say, seven feet distance, hut it wiih flic differiiiir# 
of effect produced by tlie mmw, iiresHiirit iit scvcii fw-*! 
and six feet; lor, of course, the change only ciifi«i«ti*il 
in the distribution of the weiglit of a stiiiill jimtioii of 
my body. 

It is not very easy to catch the teh^scopic iiiiiigo td 
a spot of light reflected from a mirror of the wi/.e of u 
shilling. Accordingly, in setting up our iippiiriif4ii« ne 
availed ourselves of this result, for we fomirl flmi tlw 
readiest way of bringing the reflected itiiitge in in Ihc' 
telescopic field of view was for one of tm !» 111*^0 
slowly about the room, until the image of the Imhi mm 
brought, by the warping of tlici soil ilim to hk weinlit, 
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into the field of vie'^ of the telescope. He then placed 
a heavy ^veight on the floor where he had been stand- 
ing ; this of course drove the image out of the field 
of view, but after he had left the room the image of 
the flame was found to be in the field. 

Ve ultimately found, even when no special pains 
had been taken to render the instrument sensitive, 
that if one of us was in the room, and stood at about 
sixteen feet south of the instrument with his feet 
about a foot apart, and slowly shifted his weight from 
one foot to the other, a distinct change was produced 
in the image of the gas-flame, and of course in the 
position of the little mirror, from which the image 
was derived hy reflection. It may be well to consider 
for a moment the meaning of this result. If one 
presses with a finger on a flat slab of jelly, a sort of 
dimple is produced, and if a pin were sticking upright 
in the jelly near the dimple, it would tilt slightly 
towards the finger. Now this is like what we were 
observing, for the jelly represents the soil, and the 
tilt of the pin corresponds to that of the pendulum. 
But the scale of the displacement is very different, for 
our pendulum stood on a block of stone weighing 
nearly a ton which rested on the native gravel at two 
feet below the level of the floor, and the slabs of the 
floor were removed from all round the pendulum. The 
dimple produced by a weight of 140 lb. on the stone- 
paved floor must have been pretty small, and the 
slope of the sides of that dimple at sixteen feet must 
have been excessively slight ; but we were here virtually 
observing the change of slope at the instrument, when 
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the centie of the dimple was moyed from a distance of 
fifteen feet to sixteen feet. 

It might perhaps be thought that all obseryation 
would be rendered impossible by the street traffic and 
by the ordinary work of the laboratory. But such 
disturbances only make tremors of very short period, 
and the spirits and water damped out quick oscilla- 
tions so thoroughly, that no difference could be detected 
in the behayionr of the pendulum during the day and 
during the night. Indeed, we found that a man 
could stand close to the instrument and hit the tub 
and pedestal smart blows with a stick, without produc- 
ing any sensible effect. But it was not quite easy to 
try liiis experiment, because there was a considerable 
disturbance on our first entering the room ; and when 
this had subsided small moyements of the body pro- 
duced a sensible deflection, by slight changes in the 
distrihution of the experimenter’s weight. 

It is clear that we had here an instrument of 
amply sufficient delicacy to obserye the lunar tide- 
generating force, and yet we completely failed to do 
so. The pendulum was, in fact, always vacillating 
and changing its position by many times the amount 
of the lunar effect which we sought to measure. 

An example will explain how this was : A series of 
frequent readings were taken from July 21st to 25th, 
1881, with the pendulum arranged to swing north and 
south. We found that there was a distinct diurnal 
period, with a maximum at noon, when the pendulum 
boh stood furthest northward. The path of the 
pendulum was interrupted by many minor xigzags, 
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and it would sometimes reverse its motion for an hour 
together. But the diurnal oscillation was superposed on 
a gradual drift of the pendulum, for the mean diurnal 
position travelled slowly southward. Indeed, in these 
four days the image disappeared from the scale three 
times over, and was brought back into the field of 
view three times by the appliance for that purpose. 
On the night between the 24th and 25 th the pendulum 
took an abrupt turn northward, and the scale reading 
was found, on the morning of the 25 th, nearly at the 
opposite end of the scale from that towards which it 
had been creeping for four days previously. 

Notwithstanding all our precautions the pendulum 
was never at rest, and the image of the flame was 
always trembling and dancing, or waving slowly to 
and fro. In fact, every reading of our scale had to 
be taken as the mean of the excursions to right and 
left. Sometimes for two or three days together the 
dance of the image would be very pronounced, and 
during other days it would be remarkably quiescent. 

The origin of these tremors and slower movements 
is still to some extent uncertain. Quite recent inves- 
tigations by Professor Milne seem to show that part 
of them are produced by currents in the fluid sur- 
rounding the pendulum, that others are due to changes 
in the soil of a very local character, and others again 
to changes affecting a considerable tract of soil. But 
when all possible allowance is made for these pertur- 
bations, it remains certain that a large proportion of 
these mysterious movements are due to minute earth- 
quakes. 


I 
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Some part of the {liHplacojncntH «>f <iiir itcutlultiiu 
•was undoubtedly due to the action of tin' iiinoii, hut it 
was so small a fraction of the whob*. that wo wore 
completely foiled in our cndoiivour t(t iiioiiHuro it.'-' 

The minuto earthquakes of wliich 1 have n 

are called by Italian ohserverH mieroKisntH, am! this 
name has been very generally adopted. 'l’l»e lifcraUire 
on the subject of seisraology is now very evtonsive, 
and it would be out of place to attempt hi Hiininiariw' 
here the conclusionH which have been drawn fnaa 
observation. I may, however, jtcrniil inyself to add 
a few words to indicate the general lines of tho 
research, which is being carrieal on in many parts of 
the world. 

Italy is a volcanic country, and the Italians hav© 
been the pioneers in seismology. Tiieir observations 
have been made by means of iM-ndnlunis of various 
lengths, and with instruments of other forms, iwlapted 
for detecting vertical Tnovemouts of the soil. Tim 
conclusions at which Father Bortelli arrived twenty 
years ago may bo summarised as follows : 

The oscillation of the pendulum is generally 
parallel to valleys or chains of mountains in ihe 
neighbourhood. The oscillations are indepeiulent iif 
local tremors, velocity and direction of wind, rain, 
change of temperature, and atmospheric eleei im'ity. 

Pendulums of different lengths betray the m«»ve. 

^ Since the date of our experinnent the bidlai- pi'mltiluni liii-i (ti't m 
perfected by my brother, and it ia now siviiif' (•imtititimi i pjifte 
graphic records at several observatorlcR. It ia now innili’ l.i be far 

less sensitive than in our original experiment, and noattwiipt !•( imulf 

to detect the direct effect of the moon. 
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t!i(* mini in dilTaront tnannerH, {K'cnrdin*^ to 
tho or <liHa|i;reomont of their natural pc'riods 

nf ostdlla! ion with the period of the tfO-n^nirial vihra,- 

tioilH, 

The disfurlmneoH are not strictly BinudinneouH in 
IIhi diUVnuit towns of Italy, but Biicceed one another 
at Hhorl inha'valH. 

After earllitjUukeH tlio * tromometric ’ or nncrostUH- 
niit* tnoveiuenlH ar«‘ eH|)ecially apt to h(‘. in a V(‘rtic4il 
tiirectioiu Tiny* art‘ jilwayB bo when tlu^ earthqvuUco 
m lotath hut th(‘ v(‘rtical movernantB arc^ sonudiuiOH 
almtaii when tla^. shock octnirH olBovvliare* Honnd.ini(‘H 
ilterc is no inr)Viamait at all, even when tlie shotdc 
occurs quite (dose at luuui 

poHiliouH of i\ii\ Him and moon appear to have 
Boine inflmmce on llu^ imivements of tln^ pendidinn, 
but the disturban(U‘H a.re especially frequent wh(‘n the 
harometer is low, 

ddio curves of ‘ the monthly mt*anB of tlie tromo- 
motric* moviuncnt’ exhibit the same fontm in tlu^ 
vari(uw towns of Italy, even those whi<'h art^ distant 
from tuu^ anoth(U\ 

'riio maximum of diHtiirbance occurs ncjar tlu^ 
winLu’ solstice and the minimum m‘ar the siunmm' 

solstice- 

At Flonuuuui period of (‘.artluiuakes is prc^Hagtul hy 
tie* nnq.qdtu<h‘ and fnupumey of oscillatory moveune-nts 
in a vcu’tical direction. These movHmu'nts are obH<‘r« 
vahlt* at intorvals aiul during scwuu'al hours afhs* cuich 

sltock- 

Hoiim very curious olmervations on mic.rosisniH 
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have also been made in Italy with the iihentphtnu*. 
by which very slight movemoiitH of tlui Htdl an* 
rendered audible. 

Cavaliere do Eossi, of Eoim*, has estiiblishi'd u 
‘geodynamic’ observatory iu a cave 700 iiuili'es above 
the sea at Eoeca di Papa, on tho cxtonial .slope ol an 
extinct volcano. 


At this place, remote from all carriiigcs juul roinis, 
he placed his microphone at a depth of 20 nicl res Jadow 
the ground. It was protected againat iimectK by 
woollen wrappings. Carpet was spread on tin* llooV 
of the cave to deaden the noise from parthdes of Hbrnti 
which might possibly fall. Having i-Htaldished hi« 
microphone, he waited till night, and tlmn Inuird iioiHeH 
which he says revealed ‘ natural tolluric phejiouu-na.' 
The sounds which he heard he doscrilM's as ‘ roarings, 
explosions occurring isolated or in volhiys, and nietallie 
or bell-like sounds ’ [fremiti, nmqni im.hti „ <li m.mvhel 
teria, e suonimetallici o di campaiuq. Tlioy all oetmrrt'd 
mixed mdiscriminately, and rose to maxima at irrt- 
gular mtervals.^ By artificial means h(i wh« ablo It* 
cause noises which he caUs ‘ rumbling (i>) or crackling ‘ 
[rullo ompito]. The roaring [//w/nVn] was the onlv 
noise which he could reproduce artilicdally, and then 

^e conducting wires, ‘in the same manner as tho rocks 
quake'"’''^ 

distant 

m crSone fo '' “ 
erophone for some seconds subsequently. 
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There was some degree of coincidence between the 
agitation of the pendulum-seismograph and the noises 
heard with the microphone. 

At a time when Vesuvius became active, Rocca cli 
Papa was agitated by microsisms, and the shocks were 
found to be accompanied by the very same niicro- 
phonic noises as before. The noises sometimeB 
became ‘ intolerably loud ’ ; especially on one occasion 
in the middle of the night, half an hour before a 
sensible earthquake. The agitation of the microphone 
corresponded exactly with the activity of Vesuvius. 

Eossi then transported his microphone to 
Palmieri’s Vesuvian observatory, and worked in 
conjunction with him. He there found that each 
class of shock had its corresponding noise. The 
sussultorial shocks, in which I conceive the move- 
ment of the ground is vertically up and down, gave 
the volleys of musketry [i colpi cli moschettena^f and 
the undulatory shocks gave the roarings [i frendti]. 
The two classes of noises were sometimes mixed up 
together. 

Eossi makes the following remarks : ‘ On Yesuvius 
I was put in the way of discovering that the simple 
fall and rise in the ticking which occurs with the 
microphone [l)attito del orologio unito al microfont)] (a 
phenomenon observed by all, and remaining inexpli- 
cable to all) is a consequence of the vibration of the 
ground.’ This passage alone might perhaps lead one 
to suppose that clockwork was included in the circuit ; 
but that this was not the ease, and that ‘ ticking ’ is 
merely a mode of representing a natural noise is 
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proved by tbe fact that he subsequently says that 
he considers the ticking to be ‘ a telluric pheno- 
menon.,’ 

Rossi then took the microphone to the Solfatara 
of Pozzuoli, and here, although no sensible tremors 
were felt, the noises were so loud as to be heard 
simultaneously by all the people in the room. The 
ticking was quite masked by other natural noises. 
The noises at the Solfatara were imitated by placing 
the microphone on the lid of a vessel of boiling water. 
Other seismic noises were then imitated by placing 
the microphone on a marble slab, and scratching and 
tapping the under surface of it. 

The observations on Vesuvius led him to the con- 
clusion that the earthquake oscillations have some- 
times fixed ‘nodes,’ for there were places on the moun- 
tain where no effects were observed. There were also 
places where the movement was intensified, and hence 
it may be concluded that the centre of disturbance 
may sometimes be very distant, even when the 
observed agitation is considerable. 

At the present time perhaps the most distinguished 
investigator in seismology is Professor Milne, formerly 
of the Imperial College of Engineering at Tokyo. 
His residence in Japan gave him peculiar oppor- 
tunities of studying earthquakes, for there is, in that 
country, at least one earthquake per diem of sufficient 
iiitensity to affect a seismometer. The instrument of 
which he now makes most use is called a horizontal 
pendulum. The principle involved in it is old, but 
it was first rendered practicable by von Rebeur- 
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I’aHehwil/., whone early death doiirivtid llu) world of a 
skilful and enthuHiaBtic investigator. 

The work of I’aKchwitsi toueduw more <doHcly on 
our j»r('.H(ait Kuhjeet than that of Milius l)(K-anH<>, ho 
made a gallant attempt to nuiiiHure the moon’H tide- 
giuuTating foreo, and nlmost perauadod himwilf that 
lui had done bo. 

The horizontal poudulum ih like a door in its 
mode of KUHiH-UBion. If a door-poHt bo ahKoluttily 
vortieal, tlu* door will ehtarly remt in any poHition, hut 
if the poHt Ih! even infinitcBunally tilted the door 
naturally ronta in one delinito position. A V((ry Hinall 
shift of the door-post is betrayed by a coimiderahlo 
change in the position of the door. In the pendulum 
the door is r(‘placi“d by a horizontal boom, and th(» 
hinge.H by steel jauntH roHting in agate cups, hut the 
principle is the Hamo. 

The imm'ment of the boom is doUickul and 
registered photographically by the imago of a light 
reflected from certain nurrors. l’aH(dnvitz made 
Hystematic observations with luH pendulum at Wilhelms- 
havon, I’otsdam, Htrasshurg, and Orotava. He almost 
convinced himself at one time that he e.euld de.tee.t, 
amidst th<( wanderings of the curves of reeord, a 
p(!riodieity eorresponding to the dircict elVeet of the 
moon’s action. Ihd, a more searching analysis of his 
results left the matku' in doubt. Hince his deittli the 
ohservatiuns at Htrasshurg have heen contiinuul by 
M. Mhlert. Ills results show an e.'Ctadliuit consistency 
with tiiose (d’ i’aschwitz, and an; thendore confir- 
matory of fho earlier opinion of the latter. 1 am 
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myself disposed to think that the detection of the 
lunar attraction is a reality, but the effect is so minute 
that it cannot yet be relied on to furnish a trustworthy 
measnrement of the anaonnt of the yielding of the solid 
earth to tidal forces. 

It might be supposed that doubt could hardly 
arise as to whether or not the direct effect of the 
moon’s attraction had been detected. But I shall 
show in the next chapter that at many places the 
tidal forces must exercise in an indirect manner an 
effect on the motion of a pendulum, much greater than 
the direct effect. 

It was the consideration of this indirect effect, 
and of other concomitants, which led us to abandon 
our attempted measurement, and to conclude that all 
endeavours in that direction were doomed to remain 
for ever fruitless. I can but hope that a falsification 
of our forecast by M. Ehlert and by others may be 
confirmed- 
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GIIAI'TEIl Vil 

THE ELASTIC 0ISTOKTION ()!•' TIIK EAUTH’h HfltrAI'K 
BY VABVINd 

When the tide rises and falls tm the saii-eoaHtt unmy 
millions of tons of wator are brought alliTiiaUdy 
nearer and further from the land, Awsmlitigly a 
pendulum suspended within a ImndHstl niiloH or mi of 
a sea-coast should respond to the attractitm of tho 
sea-water, swinging towartls the si-a at higli-wator 
and away from it at low-water. Kiuce the rise nnd 
fall has a lunar periodicity tho pfiiidulum Khould sAving 
m the same period, even if tho direct attraction of 
the moon did not affect it. ilut, m I hIiuII iimv 
show, the problem is further confused hy another 
effect of the varying tidal load. 

We saw in Chapter VI. how a weight resting tm 
the floor in the neighbourhood of enr itcndulmn 
produced a dimple by which the inaHsiv.* 
pedestal of our instrument was tilted over. Now m 
low-tide changes to high-tide tho poHition of an 
enormous mass of water is varied with reHpitet to tho 
land Accordingly the whole coast lino nmst rock to 
and fro with the varying tide. Wo must now con- 
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tli<* iialuri' of tlio diiitcirtion <if tlai Boil jiroiluciul 
ill thin win. Tlii* iiiiitlMiiuatiml of tho 

form of till! ill a horizontal nlah iif jolly or 

oiltor rlimtif maiiiiiil, duo to jironnuro at ih Hin|.j;to 
hIiowb lliai tho nlojit* at any {daoo varitm in* 
YorBoly liH tho Bijuiirti of tlio diHianrc* from tlni ooutrc*. 
Thill iH til Hity* if Hliirtiug from any |a>int wti procooil 
to half mtr orifiinul iliHtiinrii* sw nhall iincl four tinioH 
liH grnii a Bloja% ami at ono4htrd of t!m original 
liiHiiiiirti till* alojio will 1 h« HUgnmnUnl niiuTohL 



Fill, *il, Flits li m Ontri.F. m a\ Ffi,AHTt« HotirAO-: 

Tho thoiaa^tu'al form <if tlimplt^ produoiHl hy 
jiriwiiro ill a ainglo ntathomatiral point in nhown in 
tig. *27, 11it» Blojio in oxaggoratod ho m to riindto’ it 

virtilihs Hint Biimn tho figiirn in drawn on tin; mippoKi- 
tioii that tin* pronHura ih itniivnrod at a mailmniaiinat 
point, ihn inaitrn of tlici dimplci in infmitoly doop. If 
tin* proBBuro ho doltvnrod hy a hlunt point* tho nlopc* 
lit li litflo dtHtiinno will ho m wlniwn, hut tlio omitro 
will not ho iiitiiiitfdy doop. If thoroforo wo pay no 
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attention to the very (‘cntri', (liin lif'ui lAr,- l,<t 

illustrate tlio state of the cast'. \V!n‘it tin* ilitu)*!*' >■> 
produced by the pn-HHurt! (tf a wciphi, Ihn! urijilit, 
being endowed with gravitation, nltnn-lH any ollnr 
body with a force varying iiiverHoly uh tin* Mjtturr «f 
the distance. It folIowH, therefon*, that tin* shtpi’ *4 
the dimple is everywluu'o exactly projiortioiml b* tliw 
gravitational attraction of tins weight. Since thia i« 
true of a single weight, it ia true of a gnniji of 
weights, each producing its own dimple by preKHur© 
and its own attraction, strictly proportional to oiw 
another. Thus the whole snrfact^ is defoninsi by tha 
superposition of dimples, and the t.otal attractuMJ ii 
the sum of all the partial attractions. 

Let us then imagine a very thick iioriramttt.1 alab 
of glass supporting any weights at any parts of iU 
surface. The originally flat surface of the slab will 
be distorted into shallow valleys and low hills, ami 
it is clear that the direct attraction of (he woiglits 
will everywhere be exactly proportional to tbn slop»*s 
of the hill sides ; also the diroction of the grriitrst 
slope at each place must agree with the direction of 
the attraction. The direct attraction of tlus woiglifs 
will deflect a pendulum from tins vertical, and the 
deflection must be exactly proportional to (hr Mlnpo 
produced by the pressure of the weights. It may bo 
proved that if the slab is made of a very Htiff ghiHs (Ii« 
angular deflection of the pendulum under the inihieuco 
of attraction will be one-flfth of tins hIo[)c of (be loll 
side;^ if the glass were of the most yielding kind, (ho 
raction would be one-eighth. The fraction depend uai 
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Hit* ilf'n i* «if nf tho mainrial, umi tltn HtiflVr 

U i« lilt! !iir;^i‘r tlu! fruction. 

The nfmi of a potululuin tu»nH!HtH in iiotinjj 

itM cliunfjo of jHwititm with roh'VBiioo to tliu Hitrfaoo of 
the i^oil ; Jn ncc U10 Hlopo of th« soil, un<l tho iliroot 
nltrinotioii of tho woight wfiieh eauw'B that ulnpo, will 
ho iilmolutoly fu«oil t»)Kothor, ami will Im imliBtini^niHh- 
ahh* from 0110 anotlmr. 

Now, thin conolushm may ho aitpliod to tho tidal 
load, ami wo loam that, if rockH aro of tho Kamo 
do^roo of Htifflu-HH aa ghiHH id modimu quality, tin? 
diroot attraotion of tho tidal load unKliuaw ono-Hixth of 
the npparont dtdlection of a pendulum produced by tho 
tilting of the gall. 

If anyone shall olwerve a ja'iidulum, withiu say 
a hundred niilea <tf tho sea-coaHt, and shall detect a 
lunar porkxlieity in its motion, ho can only coiudude 
that what he ohservos is partly due to tho dopresHiou 
and tilting of thi> soil, fiartly to attraction of the sea- 
water, and partly to the direct attraction of tho moon. 
Caleiilatiim indicates that, with tho known avorago 
elasticity of rock, tlm tilting of tho soil is likely to he 
far greater than tho other two olTocts (somhined. 
Hence, if the direct attraction tif tho moon is over to 
he measured, It will lirst he necossary to ostimato and 
to allow for other important oscillations with lunar 
periodicity. The diHicuUy thus introduced into this 
problem is so serious that it has not yet been suecoss- 
fully met. It may perhaps somo day he possible to 
diHliuguish the direet (iffects of the moon’s tidal 
attraction fnan the indirect oifects, hut 1 am not very 
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hopeful of success in this respect. It was puiutfi! 
out in Chapter VI. that there is Home resison to think 
that a lunar periodicity in the swing of a pcminhnn 
has been already detected, mui if this ojuiiion is 
correct, the larger part of tlio detlecfion was prohahly 
due to these indirect effects. 

The calculation of the actual tilting of itu* coiimI- 
line by the rising tide would he exccssivoly conijdos 
even if accurate estimates were {(htainahlu of the 
elasticity of the rock and of the tidal load. It is, 
however, possible to formulate a Holuhh* prolileni of 
ideal simplicity, which will afford us soiuo idea of the 
magnitude of the results occurring in nature. 

In the first place, we may safely suppose the earth 
to be flat, because the effect of the tidal load ia quite 
superficial, and the curvature of the earth is not 
likely to make much difference in the r(«HuIt. In the 
second place, it greatly simplifies tlie ealeulation to 
suppose the ocean to consist of an indefinite number 
of broad canals, separated from one another by broml 
strips of land of equal breadth. Lastly, wi» shall 
suppose that each strip of sea rocks about its middle 
line, so that the water oscillates as in a seiche of fhe 
Lake of Geneva; thus, when it is high-water on the 
right-hand coast of a strip of sea, it is low-water on 
the left-hand coast, and vice vemh We have tlien to 
determine the change of shape of the octenn-htsi ami 
of the land, as the tide rises and fulls. Tliti problem 
as thus stated is vastly simpler than in ;i,e(uuli( v. {, 
it will suffice to give interesting inditmtions of’wliat 
raust occur in nature. 
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The figure 28 shows the calculated result, the 
slopes being of course enormously exaggerated. The 
straight line represents the le-vel surface of land and 
sea before the tidal oscillation begins, the shaded 
part being the land and the dotted part the sea. 
Then the curved line shows the form of the land and 
of the sea-bed, when it is low-water at the left of the 
strip of sea and high-water at the right. The figure 
would be reversed when the high-water interchanges 
position with the low-water. Thus both land and sea 
rock about their middle lines, but the figure shows 



that the strip of land remains nearly flat although 
not horizontal, whilst the sea-bed becomes somewhat 
curved. 

It will be noticed that there is a sharp nick at the 
coast-line. This arises from the fact that deep water 
was assumed to extend quite up to the shore-line ; 
if, however, the sea were given a shelving shore, as in 
nature, the sharp nick would disappear, although the 
form of the distorted rocks would remain practically 
unchanged elsewhere. 

Thus far the results have been of a general 
character, and we have made no assumptions as to the 
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degree of stiffness of the rock, or aw to Ihci IfreiwUlirt «*f 
the oceans and continents. Let uh iniiko hyjiothi'Hcs 
-wHcli are more or less plausible. At nnui.v plareK nu 
the sea-shore the tide ranges througit twenty or 
thirty feet, hut these great tides only repreMtoit tho 
augmentation of the tide- wave as it runs int(t sliullow 
•water, and it -would not he fair to supposo luir fitli- Id 
he nearly so great. In order to bo modcriite, I will 
suppose the tide to hawe a range of KiO coiiliiiitRroH, 
or, in round numbers, about S feet. Then, ut the 
high-water side of the sea, the watcir is raised by 
80 centimetres, and at the loW'-watoir si<b> it i« 
depressed by the same amount. The breadth of lint 
Atlantic is about 4,000 or 5,000 niihm. 1 lake, then, 
the breadth of the oceans and of tlu» ot)iitineilfes 
as 3,900 miles, or 6,280 kilometres. Lastly, as rt>ck« 
are usually sMer than glass, I take the rock bed 
t-wiee^ as stiff as the most yielding glass, nn<l fjiuii*ti«F 
as stiff again as the stiffest glass ; thin asHumptioii 
as to the elasticity of rock makes the attraction at afiy 
place one-ijuarter of the slope. I’or a mediiiin glass 
we found the fraction to be about one-sixth- Those 
are all the data req[uired for determining the slopi*. 

It is of course necessary to haTOniinitof nioiiHun- 
ment for the slope of the surface. Now a sticund at' 
is the name for the angular magnitude of an 
mch seen at SJ miles, and accordingly a Imadrcdth .»f 
a second of arc, usually written 0"-01, is the angular 
ma^itudeof an inch seen at 826 miles the augbn. 
will then be measured in hundredths of swioiKls. 

Before the tide rises, the land and sea-bud jiiv 
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Tha iH lii^rr in huiulraililiH nf a mrciiat 

nf lire, mii fliitt lit lOfI kilinuelreH foan llie mmi^ whnrn 
Uie «ln}W' w *i, the ehan|i<i tif Flaiie iiiiioimlH tii tlu* 
iiiigle HiihieiidiKi hyniu* ineli til lii*i iiiiieH, 

When }iigh«wiiler eliiingcm tn low*wiitni% the Hln{iei4 
are jiwt reverwinh In^iiee the range nf ehange of wlopo 
ii reprewiiited hy the ilonhloH of thean aitgleiH, If thii 
eliiiiigti of «lo|io m ohnerved hy Kotnoforni of |»eiiclnhiiiu 
iilknviiiiw iihihI ho niiicio for the fliroet attriy^iion of 
tliP w»ii, iiinl it iijUioiirB that with the Hup|toHt»<i ih^groo 
of 8titTiie«« of r<irk thow^ angled of nlojie tniwi hi* 
iiiigiiieiiteil ill t!i«‘ {iro|iortioti of fi to E Tliiw* 
we fifiiihle the anghm to allow of eliangi* high- 
to Iow-watei% tiial imminent the iniioherH m B if4 
to I, to allow for the <Hm*l atiraetion of the Hf*fu 
Fiiiiillj Wi^ find reHoha which tnay he arraiigod in 
t!io following tiihuhir form: 
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At the centre of the continent, 1,950 3^ 
coast, the range will be 0"*012. 

If all the assumed data be varied 
the slopes are easily calculable, but 
be taken as fairly representative, alt 
somewhat underestimated. Lord Kelvin 
entirely independent estimate of the praL 
of a pendulum by the direct attraction 
high tide. He supposes the tide to h^a^' 
10 ft. from low- water to high-water:, 
estimates the attraction of a slab of 
thick, 50 miles broad perpendicular to 
100 miles long parallel to the coast, 

100 yards from low-water mark and 
middle of the 100 miles. This woul' 
very roughly represent the state of 
Alban’s Head, in England. He finds i 
such as to deflect the plumb-line, ^ 
changes to low-water, by a twentieth 
arc. The general law as to the pro]p 
slope to attraction, shows that, with 
degree of stiffness of rock, the apparrc 
of a plumb-line, due to the depression of " 
the attraction of the sea, as high-watC5 
low- water, will then be a quarter of a 
Postulating a smaller tide, but spread 
area, I found the result would be a fiftln 
thus the two results present a satisfactoa: 

This speculative investigation receives 
from observation. The late M. d’Abbadi< 
an observatory at his chateau of Abbadia 
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Hpiunsli frttiiSifr am! witliin cjuartcr of a iiiilo of tin* 
Hay of litKciiy. i[or(» lie* conatructtMl a Hiiocial foi-m 
of inutruniont for tlotocting amall cIiaiii^oH iu Uic 
(iirocl ioii of gravity. Without going iiiltMlctailH, it may 
Hullin' (oKtutc that ht< n»mi»m't! a tisod mark with iln 
imago formed hy rotlovtion from a poo! of itua’fury. 
Ho took !to!» Hpooia! olmorvatioiiH at t!io timoH of liigh 
and !ow tide in ordor to 8o<', an iu* nayH, whotlnsr tlio 
water oxiToi.m-d an attraoliou on tlio pool of moronry, 
for it Imd not fwourrnd to him Unit tho larger offeot 
would prolwldy ariw! from tho laaidiug of tlio rock. 
He found that in Ul tJ! chki'H Uio piail of nuTcury wrk 
tilkid towanlK the noa at liigli-wator or away from it 
at low-wator : in fit) caHOH tlmro waa no apparent offoct, 
and in tho remaining r»7 chhoh tlio action waH inverted. 
Tho olme'rvatioiiH worn repeated later hy hin aHHiHtant 
in the caao of 71 HuccoHaive high-watorn ' and 711 low- 
watcfH, and he al8o found that in about two-thirda 
of the ohHcrvatiouH the aea Hoemod to oxerciBt) Hk 
expected inlhwiua>. We may, 1 think, fe«‘I eonfnh'nt 
that en the oceaHioiiH where no elTeet er a reverHal 
waH pereeived, it waH annulled or revernud hy a warp- 
ing of the Hoil, HUch a8 ia eliHorved with HciHinometerH. 

Dr. von KeDeiir-I’aaehwiti! hIho noU'cl dellectiona 
due to th(' tide at WilhehiiHlmven in (lermany. Tht' 
deflection whh indeed of unexpected magnitude at thiH 
plut-e, and tliia may prohahly he due to the pi-aty 
nature of the aoil, which rendtn-H it far mere yielding 
than if the elmc-rvatory were huitt en reck. 


* I’rmniiitiitfly ih«» at on«* lituli'Wiitm' wiui 
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TMs investigation has another interesting appli- 
cation, for the solid earth has to bear another varying 
load besides that of the tide. The atmosphere rests 
on the earth and exercises a variable pressure, as 
shown by the varying height of the barometer. The 
variation of pressure is much more considerable than 
one would be inclined to suspect off-hand. The height 
of the barometer ranges through nearly two inches, or 
say five centimetres ; this means that each square 
yard of soil supports a weight greater by 1,260 lb. 
when the barometer is very high, than when it is very 
low. If we picture to ourselves a field loaded with 
half a ton to each square yard, we may realise how 
enormous is the difference of pressure in the two 
cases. 

In order to obtain some estimate of the effects of 
the changing pressure, I will assume, as before, that 
the rocks are a quarter as stiff again as the stiffesfc 
glass. On a thick slab of this material let us imagine 
a train of parallel waves of air, such that at the crests 
of the waves the barometer is 5 centimetres higher 
than at the hollows. Our knowledge of the march of 
barometric gradients on the earth’s surface makes it 
plausible to assume that it is 1,500 miles from the 
line of highest to that of lowest pressure. Calculation 
then shows that the slab is distorted into parallel 
ridges and valleys, and that the tops of the ridges are 
9 centimetres, or inches, higher than the hollows. 
Although the actual distribution of barometric 
pressures is not of this simple character, yet this 
calculation shows, with a high degree of probability, 
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that when the barometer is very high, we are at least 
3 inches nearer the earth’s centre than when it is very 

low. 

The consideration of the effects of atmospheric 
pressure leads also to other curious conclusions. I 
have renaarked before that the sea must respond to 
barometric pressure, being depressed by high and 
elevated by low pressure. Since a eolumn of water 
68 centimetres (2 ft. 3 in.) in height weighs the same 
as a column, with the same cross section, of mercury, 
and 5 centimetres in height, the sea should be 
depressed by 68 centimetres under the very high 
barometer as compared with the very low barometer. 
Eut the height of the water can only be determined 
with reference to the land, and we have seen that the 
land must be depressed by 9 centimetres. Hence the 
sea would be apparently depressed by only 69 centi- 
metres. 

It is probable that, in reality, the larger barometric 
inequalities do not linger quite long enough over 
IDarticular areas to permit the sea to attain every- 
where its due slope, and therefore the full difference 
of water-level can only be attained occasionally. On 
the other hand the elastic compression of the ground 
must take place without sensible delay. Thus it 
seems probable that this compression must exercise a 
very sensible effect in modifying the apparent depres- 
sion or elevation of the sea under high and low baro- 
meter. 

If delicate observations are made with some form 
of pendulum, the air waves and the consequent dis- 
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tortions of the soil should have a KoiiHildc olhu-t on i.lit* 
instrument. In the ideal caso whicdi I havti dcHcriliod 
above, it appears that tlui maximmn appanait 
deflection of the plumb-line would Ixi of a. .m'ixtnd 
of arc ; this would be augmented to of u- wxxmd by 
the addition of the truo delloetion, produtxxl by llo' 
attraction of the air. Lastly, since the sIojm- aial 
attraction would be absolutely reversed when tlut uir 
wave assumed a different position with ros])cct to the 
observer, it is clear that tlie range of appanuU 
oscillation of the pendulum might amount to of a 
second of arc. 

This oscillation is actually greater than that duo 
to the direct tidal force of the moon acting on a 
pendulum suspended on an ideally unyicdditig wirth. 
Accordingly we have yet another reason why tins 
direct measurement of the tidal forc(^ presontH a 
problem of the extremest difficulty. 
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CH Al’TKH VIII 

KUl’lMltmUM TIIKOHY TUtKB 

I t Ih cihnirly juwt'HHiiry to procooil atoj) by Htcp towarda 
thi' actual contlitioua (sf thu titlal problam, and I hIhiII 
begin by BUpjioHing lliat tlu! occana cover Uia whole 
earth, IcaviuK no dry land. It haa been ahowii in 
Chaptar V. that tho tidal force ia the reaultant of 
opposing centrifugal aiid centripetal forccfa. Tho 
njotion of the ayatem ia therefore ono of ita most 
eaat'nfcial features. We may however imagine a supor- 
iiatural being, who carries tho moon round tho 
earth and malce'a the e.arth rotate at tlui ac.tual relative 
apfusda, but with iudofinito alowjusss aa regards abso- 
lute time. This Huporuatural being ia further to have 
tins power of maintaining the tidal forw^a at exactly 
their preaent intonaitieH, and with thidr actual rela- 
tionahip aa regnrda the poaitiona of the moon and 
earth. .K very thing, in fact, ia to remain aa in nudity, 
ex<’i'pt time, whieh ia to hi> imUdinitely iirotnw.teil. 
The (pi(‘Htion to he eonshlerod is as to tlui mannetr 
in which tho tidal forces will eauae tho ocean to mov«t 
on the alewly revolving earth. 

It appttara from lig. ‘id that the hori/ontal tidal 
force acts away from tho circle, where the moea 
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is in the horizon either just rising or just setting, 
towards those two points, v and i, where the moon is 
overhead in the zenith, or under-foot in the nadir. 
The force will clearly generate currents in the water 
away from the circle of moon-rise and moon-set, and 
towards v and i. The currents will continue to flow 
until the water-level is just so much raised above the 
primitive surface at v and i, and depressed along the 
circle, that the tendency to flow downhill towards 
the circle is equal to the tendency to flow uphill 
under the action of the tide- generating force. When 
the currents have ceased to flow, the figure of the 
ocean has become elongated, or egg-shaped with 
the two ends alike, and the longer axis of the egg 
is pointed at the moon. When this condition is 
attained the system is at rest or in equilibrium, 
and the technical name for the egg-like form is a 
^ prolate ellipsoid of revolution ’ — ‘ prolate ’ because 
it is elongated, and * of revolution ' because it is sym- 
metrical with respect to the line pointing at the moon. 
Accordingly the mathematician says that the figure of 
equilibrium under tide-generating force is a prolate 
ellipsoid of revolution, with the major axis directed to 
the moon. 

It has been supposed that the earth rotates and 
that the moon revolves, but with such extreme slow- 
ness that the ocean currents have time enough to 
bring the surface to its form of equilibrium, at each 
moment of time. If the time be sufSciently protracted, 
this is a possible condition of affairs. It is true that 
with the earth spinning at its actual rate, and with 
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the moon reyolving as in nature, the form of equilibrium 
can never be attained by the ocean ; nevertheless it is 
very important to master the equilibrium theory. 

Fig. 2l9 represents the world in two hemispheres, 
as in an ordinary atlas, with parallels of latitude 
drawn at 15° apart. At the moment represented, 
the moon is supposed to be in the zenith at 15° of 
north latitude, in the middle of the right-hand hemi- 
sphere. The diametrically opposite point is of course 
at 15° of south latitude, in the middle of the other 
hemisphere. These are the two points v and x of figs. 
22 and 23, towards which the water is drawn, so that 
the vertices of the ellipsoid are at these two spots. A 
scale of measurement must be adopted for estimating 
the elevation of the water above, and its depression 
below the original undisturbed surface of the globe. 
It will be convenient to measure the elevation at these 
two spots by the number 2. A series of circles ^re 
drawn round these points, but one of them is, of 
necessity, presented as partly in one hemisphere and 
partly in the other. In the map they are not quite 
concentric with the two spots, but on the actual globe 
they would be so. These circles show where, on the 
adopted scale of measurement, the elevation of height 
is successively 1^, 1, The fourth circle, marhed in 
chain-dot, shows where there is no elevation or depres- 
sion above the original surface. The next succeeding 
and dotted circle shows where there is a depression of 
and the last dotted line is the circle of lowest water 
where the depression is 1 ; it is the circle n n of fig. 22, 
and the circle of the shadow in fig. 23. 
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The elevation above the original spherical surface 
at the vertices or highest points is just twice as great 
as the greatest depression. But the greatest elevation 
only occurs at two points, whereas the greatest 
depression is found all along a circle round the globe. 
The horizontal tide- generating force is everywhere at 
right angles to these circles, and the present figure is 
in effect a reproduction, in the form of a map, of the 
perspective picture in fig, 23. 

Now as the earth turns from west to east, let us 
imagine a naan standing on an island in the otherwise 
boundless sea, and let ns consider what he will observe. 
Although the earth is supposed to be revolving very 
slowly, we may still call the twenty-fourth part of the 
time of its rotation an hour. The man will be carried 
by the earth’s rotation along some one of the parallels 
of latitude. If, for example, his post of observation 
is in latitude 30° N., he will pass along the second 
parallel to the north of the eq[uator. This parallel 
cuts several of the circles which indicate the elevation 
and depression of the water, and therefore he will 
during his progress pass places where the water is 
shallower and deeper alternately, and he would say 
that the water was rising and falling rhythmically. 
Let us watch his progress across the two hemi- 
spheres, starting from the extreme left. Shortly after 
coming into view he is on the dotted circle of lowest 
water, and he says it is low-tide. As he proceeds 
the water rises, slowly at first and more rapidly 
later, until he is in the middle of the hemisphere; 
he arrives there six hours later than when we first 
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Legan to ’watch him. It will haye taken him about 
5^ hours to pass from low-water to high-water. At 
low-water he was depressed by 1 below the original 
leyel, and at high-water he is raised by ^ above that 
leyel, so that the range from low-water to high-water 
is represented by 1^. After the passage across the 
middle of the hemisphere, the water-level falls, and 
after about 5 J hours more the water is again lowest, 
and the depression is measured by 1 on the adopted 
scale. Soon after this he passes out of this hemi- 
sphere into the other one, and the water rises again 
until he is in the middle of that hemisphere. But 
this time he passes much nearer to. the vertex of 
highest water than was the case in the other hemi- 
sphere, so that the water now rises to a height repre- 
sented by about In this half of his daily course 
the range of tide is from 1 below to If above, and is 
therefore , whereas before it was only 1^. The fact 
that the range of two successive tides is not the same 
is of great importance in tidal theory ; it is called the 
diurnal inequality of the tide. 

It will have been noticed that in the left hemi- 
sphere the range of fall below the original spherical 
surface is greater than the range of rise above it ; 
whereas in the right hemisphere the rise is greater 
than the fall. Mean water-mark is such that the tide 
falls on the average as much helow it, as it rises above 
it, but in this case the rise and fall have been measured 
from the originally undisturbed surface. In fact the 
mean level of the water, in the course of a day, is not 
identical with the originally undisturbed surface. 
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although the two levels do not differ much from one 
another. 

The reader may trace an imaginary observer in 
his daily progress along any other parallel of latitude, 
and will find a similar series of oscillations in the 
ocean; each latitude will, however, present its own 
peculiarities. Then again the moon moves in the 
heavens. In fig. 29 she has been supposed to be 
15° north of the equator, but she might have 
been yet further northward, or on the equator, 
or to the south of it. Her extreme range is in fact 
28° north or south of the equator. To represent each 
such case a new map would be required, which would, 
however, only differ from this one by the amount of 
displacement of the central spots from the equator. 

It is obvious that the two hemispheres in fig. 29 
are exactly alike, save that they are inverted with 
respect to north and south ; the right hemisphere 
is in fact the same as the left upside down. It is this 
inversion which causes the two successive tides to be 
unlike one another, or, in other words, gives rise to 
the diurnal inequality. But there is one case where 
inversion makes no difference; this is when the 
central spot is on the equator in the left hemisphere, 
for its inversion then makes the right hemisphere an 
exact reproduction of the left one. In this case 
therefore the two successive tides are exactly alike, 
and there is no diurnal inequality. Hence the 
diurnal inequality vanishes when the moon is on the 
equator* 

Our figure exhibits another important point, for it 
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shows that the tide has the grealfr ratif^'r hi tlnif 
hemisphere where the ohserver pUHScK iicart’Ni it» otie 
of the two central sjiots. 'I'hat is to kh y, the hiKlior 
tide occurs in that half of the daily <'irciiit in vUii'di 
the moon passes nearest to tlui zenith or to llie nadir 
of the observer. 

Thus far I have supiiosed the juoon to I'xisi aloii»% 
but the sun also acta on the ocean according f«i 
similar laws, although with less intenaity. Wo iinuit 
now consider how tho relative strengtliH of the actions 
of the two bodies are to be determined. It was iiidi* 
cated in Chapter V. that tide-generating force varhui 
inversely as the cube of tho distance from the eiurtli 
of the tide-generating body, 'riie force of gravity 
varies inversely as the square of thi> distance, so that, 
as we change the distance of the attracting body, tidal 
force varies with much greater rapidity than dmw the 
direct gravitational attraction. Thus if the iiukih 
stood at half her present distance from the earth, her 
tide-generating force would bo 8 times as great, 
whereas her direct attraction would only ho multiplied 
4 times. It is also obvious that if tho moon were 
twice as heavy as in reality, her tido-g<!nerating fon*e 
would be doubled ; and if she wore half as lieavy it 
would be halved. Hence wo conclude that tide-geiie- 
rating force varies directly as the mass of tho tiile- 
generating body, and inversely as the cube nf tin- 
distance. 

The application of this law enables us to conipur*’ 
the sun’s tidal force with that of the moon. I'lie stm 
IS 25,500,000 times as heavy as tho moon, so that, on 
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^ score of mass, the solar tidal force should be 
million, times greater than that of the moon, 
the sun is 389 times as distant as the moon, 
since the cube of 389 is about 59 millions, 
^ solar tidal force should be 59 million times 
^^ier than that of the moon, on the score of distance. 

"We haye, then, a force whiph is 25J million times 
^oaiger on account of the sun’s greater weight, and 
^ million times weaker on account of his greater 
stance; it follows that the sun’s tide-generating 
is 25^-5 9ths, or a little less than half of that 
the moon. 

"We conclude then that if the sun acted alone on 
water, the degree of elongation or distortion of 
1-^ ocean, when in equilibrium, would be a little less 
La,n half of that due to the moon alone. When both 
xdies act together, the distortion of the surface due 

► the sun is superposed on that due to the moon, and 
terrestrial observer perceives only the total or sum 
^ the two effects. 

When the sun and moon are together on the same 
cle of the earth, or when they are diametrically 
P>posite, the two distortions conspire together, and 
re total tide will be half as great again as that due 

> the moon alone, because the solar tide is added to the 
Lxiar tide. And when the sun and moon are at right 
□Lgles to one another, the two distortions are at right 
□Lgles, and the low- water of the solar tide con- 
;>ires with the high-water of the lunar tide. The 
>i3aposite tide has then a range only half as great as 
xait due to the moon alone, because the solar tide, 
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which has a range of about luilf tliat of (ho luiuir 
tide, is deducted from the lunar tide. Hiiu'i* tmc aiid 
a half is three times a half, it follows tlial. wlirti the 
moon and sun act together the range of ( idt* is ilireu 
times as great as when they act adveowdy. Tin* (wn 
bodies are together at change of inooti ami at 

full moon. In both of these poHitioiiH their actioiiH con- 
spire; hence at the change and the full of moon the 
tides are at their largest, and are calUsd Hpring-tides. 
When the two bodies arc at right angles to one 
another, it is half moon, either waxing or wanijig, the 
tides have their smallest range, and arc callod nm|i- 
tides. 

The observed facts agree i)rctty closely with this 
theory in several respects, for spring- tide occurs almit 
the full and change of moon, neap-tid(H occurs at 
the half moon, and the range at springs is uaiially 
about three times as great as that at lu'nps. More- 
over, the diurnal inequality conforms to tins thefwy in 
vanishing when the moon is on the (wpjator, «nd 
rising to a maximum when the moon is furthest mnib 
or south. The amount of the diurnal ine(]imiit.v liot s 
not, however, agree with theory, and in many plm-es 

the tide which should be the greater is ac.tiiaUy the 
less. 


The theory which I have sketclnid is callfd (h.- 
Equilihrium Theory of the Tides, because it supposes 
that at each moment the ocean is in that posiliou of 
rest or equilibrium which it would attain if i.i- 
definite time were aUowed. The g(>neral agremumt 
.with the real phenomena proves the theory to ltav*> 
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iilUi-h truth about it, but a detailed compari.sou with 
actuality kIiowh that it is terribly at fault. 'J'ho lunar 
and solar tidal ellipHuids were found to have their 
lo!!>; axes jioiutiiio Ktraif,dit towards tho tkie- 
f*cnt!ratiu^ hodios, and, therefore, at the time when 
tile moon and sun iiull together, it ought to he high- 
water just when they are due south. In other words, 
at full and change of moon, it ought to he high-water 
exactly at noon aiul at midnight. Now observation 
at spring-tides shows that at most places this is 
utterly eontradietory to fact. 

It is a matter of rough observation that the tides 
follow the moon’s course, bo that high-water always 
occurs about tho same muuher of hours after the 
moon is due south. This rule lias no pretension to 
accuracy, hut it is hotter than no rule at all. Now at 
change and full of the moon, the moon crosses the 
meridian at the same hour of the clock as tlie sun, 
for at change of moon they are together, and at full 
moon th<‘y are twelve hours aiiart. lienee the hour of 
the clock at which high-water occurs at change and full 
of moon is in (dTect a statement of the numher of hours 
which elapse after the moon's passage of the meridian 
up to high-waU'i-. This clock time alfords a rougli 
rule for the time of high-water at any other phase of 
the moon ; if for example it is high-water at cdglit 
ii’eloek at full and change, approximately eiglit hours 
will always elapse after the moon’s passage until high- 
water occurs. Mariners call the eleek time of 
liigh-wate.r at change and full of utooii ‘ the eslahlish- 
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ment of the port,’ becauBO it eBtabliHhfH a rule 

of the tide at all other tijnes. 

According to the equilibrium theory, high-water 
falls at noon and midnight at full and cbango tif 
moon, or in the language of the luariiuT tlio cKtabliKh- 
ment of all portH Hhould bo J5(*rn. Hut ohwrvution 
shows that the establiHhuiont at actual jtorfH hiw alt 
sorts of values, and that in th^^ Hfwilio Ocoan (wh«w 
the tidal forces have frtte scope) it is at Icust much 
nearer to six hours than to zt'ro. High-wator ctmttot 
be more than six hours hoforo or afh'r noon or luitl* 
night on the day of full or change of moon, because if 
it occurs more than six hours after om* nocui, it is less 
than six hours before tbo following ini«lnight ; hence 
the establishment of any port cannot possibly l»a 
more than six hours before or after. Accordingly, 
the equilibrium theory ia noarly as imie.li wrong M 
possible, in respect to the time of high-water . In fact, 
in many places it is nearly low-water at tho time that 
the equilibrium theory predicts high-water. 

It would seem then as if the tidal action of the 
moon was actually to repel the water insteiul of nttraet* 
ing it, and we are driven to ask whetlusr tins result 
can possibly be consistent with tho thtnjry of universal 
gravitation. 

The existence of continental barriers atwoss tho 
oceans must obviously exercise groat inlluenco <»n tho 
tides, but this fact can hardly ho rttsponsiblo h*r » 
reversal of the previsions of the (sqtuHbrium theory. 
It was Newton who showed that a tleproHsion of tho 

ocean under the moon is entirely consistent with the 
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theory of gravitation. In the following chapter I 
Khali explain Nhwvton’s theory, and show how it 
(‘xplains the disen^pancy which we have found between 
the (apiilihrium theory and actuality. 

AlITHOItlTIKH 

An (‘xn'MitUin of the p(iuilihrium heory will bo found in any 
niathematiwil work on ha subject, ot in the artiolu Tidns in the 
‘ Kncycl. llrit.' 
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CHArTER IX 

DTOAMIOAL THBOBY OF TUF. TIUK-WAVB 

The most serious difficulties in the fouijdote tidril 
problem do not arise in a certain special case which 
■was considered by Newton. His Hujtpnsitinn wits that 
the sea is confined to a canal circling the (Hjtmtor, 
and that the moon and sun move (ixactly in the 
equator. 

An earthquake or any other giginiiic. iin])ulH<« may 
be supposed to generate a great wavcin this eijimtorial 
canal. The rate of progress of such a wave is depen- 
dent on the depth of the canal only, according to tin? 
laws sketched in Chapter II., and the (uirth’s rotation 
and the moon’s attraction make no sensibh* dilIoren<‘e 
in its speed of transmission. If, for t?xanipl<'. the cnnsl 
were 5 kilometres (3 miles) in depth, such a great 
wave would travel 796 kilometnis (flOO inih-H) per 
hour. If the canal were shallower the Hp<‘(*d wonhl 
be less than this ; if deeper, greater. Now' thorn i» 
one special depth which will bo found to have a 
peculiar importance in the theory of the t iiio, nanifh , 
where the canal is 13f miles deesp. In this c.!i.ho llii* 
wave travels 1,042 miles an hour, so that it wcnild 
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complete the 25,000 miles round the earth in exactly 
24 hours. It is important to note that if the depth of 
the equatorial canal be less than 13f miles, a wave 
takes more than a day to complete the circuit of the 
earth, and if the depth he greater the circuit is per- 
formed in less than a day. 

The great wave, produced hy an earthquake or 
other impulse, is called a ‘free wave,’ because when 
once produced it travels free from the action of 
external forces, and would persist for ever, were it not 
for the friction to which water is necessarily subject- 
But the leading characteristic of the tide-wave is that 
it is generated and kept in action by continuous 
forces, which act on the fluid throughout all time. 
Such a wave is called a ^forced wave,’ because it is 
due to the continuous action of external forces. The 
rate at which the tide- wave moves is moreover depen- 
dent only on the rate at which the tidal forces travel 
over the earth, and not in any degree on the depth of 
the canal. It is true that the depth of the canal 
exercises an influence on the height of the wave 
generated by the tidal forces, but the wave itself must 
always complete the circuit of the earth in a day, 
because the earth turns round in that period. 

We must now contrast the progress of any long 
‘ free wave Mn the equatorial canal with that of the 
‘ forced ’ tide-wave. I may premise that it will here 
be slightly more convenient to consider the solar 
instead of the lunar tide. The lunar wave is due to a 
stronger tide-generating force, andsince the earth takes 
24 hours 50 minutes to turn round with respect to the 
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moon, thatis the time which tlie Innai- tidc-wa vc takas to 
complete the circuit of the earth ; l>ut thaHcditT<,'ri‘nfi»f 
are not material to the itfesent ar^juiinmt. The 
earth turns with respect to tlu) suii in (*xactly oiiti 
day, or as we may more convonicn lly say, thi? mwh 
completes the circuit of the earth in that time. 
Therefore the solar tidal influeiico travek over till 
surface of the earth at the rate of l,0-lli3 niih'Himhowr. 
Now this is exactly the pace at which a * free wave ' 
travels in a canal of a depth of 18| milos ; aceoril* 
ingly in such a canal any long free wavo just 
pace with the sun. 

We have seen in Chapter V. that tho aolar tid»* 
generating force tends to make a wavo eroBt, at thoM 
points of the earth’s circumference where it is nooQ 
and midnight. At each moment of time tho aun lb 
generating a new wave, and after it is generated tha.1 
wave travels onwards as a free wave. If therefore 
the canal has a depth of 13f miles, each now wave, 
generated as each moment of time, keeps pace with 
the sun, and the summation of them all imint build up 

two enormous wave-crests at opposite sides of tlw 
earth. 

If the velocity of a free wave were absolutely the 
same whatever were its height, the crosfcs of the twr 
tide-waves would become infinite in height. A« a 
fact the rate of progress of a wavo ia somowhal 
influenced by its height, and therefore, when tht 
waves get very big, they will cease to keep pace 
exactly with the sun, and the cause for contimima 
exaggeration of their heights will cease to exist, W« 
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may, however, express this conclusion by saying that, 
when the canal is 13f miles deep, the height of the 
tide-wave becomes mathematically infinite. This does 
not mean that mathematicians assert that the wave 
would really become infinite, but only thaf. the simple 
method of treatment which supposes the wave-velocity 
to depend only on the depth of water becomes inade- 
quate. If the ocean was really confined to an eqiia-r 
torial canal, of this exact depth, the tides would he 
of very great height, and the theory would be even 
more complex than it is. It is, however, hardly 
necessary to consider this special case in further 
detail. 

We conclude then that for the depth of 13f nailes, 
the wave becomes infinite in height, in the qualified 
sense of infinity which I have described. We may 
feel sure that the existence of the quasi-infinite tide 
betotens that the behaviour of the water in a canal, 
shallower than 13| miles, differs widely from that in a 
deeper one. It is therefore necessary to examine into 
the essential point in which the two cases differ from 
one another. In the shallower canal a free wave covers 
less than 25,000 miles a day, and thus any wave 
generated by the sun would tend to be left behind by 
him. On the other hand, in the deeper canal a free 
wave would outstrip the sun, and a wave generated 
by the sun tends to run on in advance of him. But 
these are only tendencies, for in both the shallower 
and the deeper canal the actual tide-wave exactly 
keeps pace with the sun. 

It would be troublesome to find out what would 
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liappeti if we had the water in the canal at rest, and 
were suddenly to start the sun to wort at it ; and it is 
fortunately not necessary to attempt to do so. It is 
however certain that for a long time the motion would 
be confused, but that the friction of the water would 
finally produce order out of chaos, and that ultimately 
there would be a pair of antipodal tide-crests travelling 
at the same pace as the sun. Our task, then, is 
to discover what that final state of motion may be, 
without endeavouring to unravel the preliminary 
chaos. , 

Let us take a concrete case, and suppose our canal 
to he 3 miles deep, in which we have seen that a free 
wave will travel 600 miles an hour. Suppose, then, 
we start a long free wave in the equatorial canal of 
3 miles deep, with two crests 12,500 miles apart, and 
therefore antipodal to one another. The period of a 
wave is the time between the passage of two succes- 
sive crests past any fixed point. In this case the crests 
are antipodal to one another, and therefore, the wave- 
length is 12,500 miles, and the wave travels 600 
miles an hour, so that the period of a free wave is 
25 hours. But the tide-wave keeps pace with the 
sun, travelling 1,042 miles an hour, and there are 
two antipodal crests 12,500 miles apart ; hence, the 
time between the passage of successive tide- crests is 
12 hours. 

In this case a free wave would have a period of 25 
hours, and the tide-wave, resulting from the action of 
solar tide-generating force, has a period of 12 hours. 
The contrast then lies between the free wave, with a 
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[H ritHl ot 25 luHirn, aiul the forced wave, with a juTiod 

of 12 loHirH. 

l^'or any otlicr depth of ocean the wa-vc^ will 
have annilua* period dependinij; on the di^pth, hut the 
jieriod of tile fnreetl wave in alwavH 12 hourn, lau'.auHci 
it ilepeiidHou the nun. If the oceaiU lie nhallowc^r than 
o unless, the fri‘t‘ period will he |j;r(ait(‘r than 25 hoiirn, 
itiHh if di‘epta\ Iohh than 25 houra. Hut if the ocean 
lu' deepened to 12'/ niiU‘B, the free wavi* travidn at the 
hanie pata* an ilu* forced wa^ve, and tluaad’ore tluj two 
peritnlH art* coincidtaiL For deptliH grt‘a.UT than 12f 
tht^ ptnuotl of the free wave is less tluin tliat 
of the forced wavt*; and the eonverBe is true for canals 
less than 12 mih‘H in depth. 

Nt)W kd. us gt‘neraliHe this conception: we have a 
HVHti*!!! which if (Usturhed and left to itself will 
oscillate in a certain period, called tlu* fre<‘, jairiod. 
Hcadoilic disturbing forces act on this syshuu and the 
period of the diKturbance is indep(‘udent of the oscilla- 
ting systein Tht^ period of the disturbing forct'S 

is calhnl tlu* hirced period. How will such a systcuu 
swing, wht*n disturbed with this forced jxunodicity ? 

A wt‘ight tmi to tlu*. end of a string affords an 
eijunpU* of a very simple system capable of oscilhition, 
and tile pcunod of its fr(?e swing depends on the length 
of the string only. I will suppose the string to lx* 
2 ft. 2 in., or on** metre in length, so that the jic^riod of 
the swing from right to left, or from left to right is 
om* Hecondd If, holding the string, I move my hand 

* A iif'tuhiltunnf otuofuam in kmgth i« «ommotil.ycail<Hl aHoconUg- 
|u*ixluhimo4aht*ugh itn cyiupita^ ptriod m two gucoiuiu. 
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horizontally to and fro through a Hinall tliHtfiiico with a 
regular periodicity, I set the peiidnluiii nHwitiging, 
The period of the moTement of iiiy luuitl is the forttcul 
period, and the free period is two hbcoikIk, lioiiig thti 
time occupied by a metre-long pondulum in luox iitg 
from right to left and back again to right. If I tiiiio 
the to and fro motion of my hand ho that its pcrital 
from right to left, or from left to riglit, is tixactly one 
second, the excursions of the pendulum bohgrowgnmtor 
and greater without limit, becauHu the HUcc<*KHl\'e 
impulses are stored up in the pendulum, wliieh swings 
further and further with each Buccossivo impulse. 
This case is exactly analogous wdth the <junKi-iulinite 
tides which would arise in a canal iniles deep, 
and here also this case is critical, H«‘parating two 
modes of oscillation of the pendulum of diflferent 
characters. 

Now when the hand occupies more than one 
second in moving from right to left, the forced imriod 
is greater than the free period of the pendulum; ami 
when the system is swinging steadily, it will ht; 
observed that the excursion of the hand agrees in 
direction with the excursion of the pendulum, bo that 
when the hand is furthest to the right so is also tha 
pendulum, and vice versd. When the period of tha 
force is greater than the free period of tho system, at 
the time when the force tends to make the pmulultim 
move to the right, it is furthest to the right. Thu 

exemsmns of the pendulum agree in direction with 
that of the hand. 

Next, when the hand 


occupies less than one 
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second to move from right to left or from left to right, 
the forced period is less than the free period, and it 
will be found that ^vhen the hand is furthest to the 
right the pendulum is furthest to the left. The 
excursions of the pendulum are opposite in direction 
from those of the hand. These two cases are illus- 
trated by fig. 30, which will, perhaps, render my 
meaning more obvious. We may sum up this dis- 
cussion by saying that in the case of a slowly varying 
disturbing force, the oscillation and the force are con- 
sentaneous, butthat with a quickly oscillating force, the 
oscillation is exactly inverted with respect to the force. 



Fia. 30 . — ^Forced Oscillations op a Pendulum 

Now, this simple case illustrates a general dyna- 
mical principle, namely, that if a system capable of 
oscillating with a certain period, is acted on by a 
periodic force, when the period of the force is greater 
than the natural free period of the system, the oscilla- 
tions of the system agree with the oscillations of the 
force ; but if the period of the force is less than the 
natural free period of the system the oscillations are 
inverted with reference to the force. 
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This principle may be applied to tint eaae of the 
tides in the canal. When the cimul is moro than 
13| miles deep, the period of the huiu’s disturbitp; 
force is 12 hours and is greater than tho natunil 
free period of the oscillation, hecaiiao a fz-ct^ wztvf 
would go more than half round the earth in 12 
hours. We conclude, then, that vvlii'u tho tide- 
generating forces are trying to make it liigh-wnicr, 
it will be so. It has been shown thzit tlnsHc foz-cazs are 
tending to make high-waterimmediatcly under tho hzzii 
and at its antipodes, and there accordingly will tho 
high-water be. In this ease the tide is sziid to he direct. 

But when the canal is less than 13.^ inilos deep, 
the sun’s disturbing force has, as hofore, a period 
of 12 hours, but the period of the free wzivo is more 
than 12 hours, because a free wave would tzike more 
than 12 hours to get half round tho earth. Thus 
the general principle shows that where tho forces are 
trying to make high-water there will bo low-water, 
and vice versa,. Here, then, there will he low-watf*r 
urider the sun and at its antipodes, and such ii tide in 
said to be inverted, because the oscillation is th<! {!.\iu.*t 
inversion of what would he naturally expected. 

All the oceans on the earth aro very much 
shallower than 14 miles, and so, at lezist near tlm 
equator, the tides ought to be inverted. Tho con- 
clusion of the equilibrium theory will therefore ho the 
exact opposite of the truth, near the equator. 

argument as to the solar tide requires but 
ittle alteration to make it applicable to the lunar 
wae. in fact the only material difference in tho 
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cimfliiionH iH that the period of the hmar tide ih 
lii hourK iir) iiiiiiutoH, iimtead of 12 hoiirH, and ho the* 
critinii tlcpth (if an (Hiuatorial canal, which would 
uHfiW lh(‘ lunar tide, to hoconie (piaHi-iiiihiito, is a 
lit lie leas than that for tlio aolur tide. This depth 
for the lunar tide is in fiu(t nearly IB milcH.''' 

This discuHsiiin should havi‘ made itedesar that any 
tidal tlii*ory, worthy of the name, must take account 
of motion, and it explains why the jirediction of 
tlu' eipiilihrium theory is so wide from the truth. 
N.itwithstundin^f, however, this condemnation of the 
(iijuilihrium theory, it is of the utmost siuvice in the 
discussion of tlie tidi's, hecause by fiir the most con- 
venient and complete way of B])ecifyin« the forces 
which act on tlui ocean at each instant, is to determine 
the figure which the ocean would assume, if the forces 
had abundant time to act. 


When the sea is confined to an cfpmtorial canal, 
flic tidal problem is much simpler than when the 
ocean covers tho whole planet, and this is mmdi 
simpler than when the sea is interrupted by cou- 
tments. Then ajJiain, we have thus far siipposisi the 
suii and moon to he always c.xactly over the (spiator, 

‘ H worlhv i»f ruinark iliut if the cuiml hiul a of hf'twcfai 
i:i ,* ami i:t iniloH, tlio Holar tifliiH wcmUl hv. and tho liouu- 

wottld bn diivnt. Wo Hhoidd Umn, at. tlm iMitiaior, huv<‘ nprin/c 
Udi* at half tno.m, wlum «»ur actual mmpH ontMir ; ami tmap Udo at 
fnll iuid vhmnfv, whim our antual mmUi 

atao Im nf nmirumtiH lu'ight, ImoauKU tlio dnpUi in rmarly Hindi hh to 
makr hoiii tid^H fpiaMi uofmittu If Ihii dn(ddi of tlm c.anal wv.iv. wvy 
m-aidv Id; ludus tin* mdar tide iru^ht Im Kniab'r than lln^ imuir. 
Uni tlmnu <‘3fuM*iiiionai caneH hava only a th«uriitical iutuumt. 
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whereas they actually range a long way both to the 
north and to the south of -the equator ; and so here 
also the true problem is more complicated than the 
one under consideration. Let us nest consider a case, 
still far simpler than actuality, and suppose that whilst 
the moon or sun still always move over the equator, 
the ocean is confined to several canals which run 
round the globe, following parallels of latitude. 

The circumference of a canal in latitude 60*^ is only 
12,500 miles, instead of 25,000. If a free wave were 
generated in such a canal with two crests at opposite 
sides of the globe, the distance from crest to crest 
would be 6,250 miles. Now if an equatorial canal 
and one in latitude 60° . have equal depths, a free 
wave will travel at the same rate along each ; and if 
in each canal there be a wave with two antipodal crests ^ 
the time occupied by the wave in latitude 60® in 
travelling through a space equal to its length will be 
only half of the similar period for the equatorial waves. 
The period of a free wave in latitude 60® is therefore 
half what it is at the equator, for a pair of canals of 
equal depths. But there is only one sun, and it takes 
12 hours to go half round the planet, and therefore for 
both canals the forced tide-wave has a period of 12 
hours. If, for example, both canals were 8 miles 
deep, in the equatorial canal the period of the free 
wave would be greater than 12 hours, whilst in the 
canal at 60° of latitude it would be less than 12 
hours. It follows then from the general principle as 
to forced and free oscillations, that whilst the tide 
in the equatorial canal would be inverted, that in 
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latitude 60® would lie direct. Therefore, whilst it 
wnulil ho low-wator uiulor the moon at the equator, it 
would he hii^h-water under the moon in latitude 60". 
Koinewhere, between latitude 60® and the 0 (]uatt;r, 
there inuHt ho a ])laee at which the free period in a 
canal H juiloH deep is the same as the forciid period, 
and in a canal at this latitude the tide would he 
infinite in height, in the modified sense explained 
earlier. It follows therefore that there is for any given 
depth of canal, less than 14 miles, a critical latitude, 
at which the tide tends to become inlinito in height. 

We conclude, that if the whole planet were divided 
up into canals each partitioned off from its neighbour, 
and if the canals were shallower than 14 miles, we 
should have inverted tides in the equatorial region, 
and direct tides in the polar regions, and, in one of 
the canals in some middle latitude, very great tides 
the nature of which cannot he specified exactly. 

The supposed partitions between neighbouring 
canals have introduced a limitation which must ho 
removed, if we are to approach actuality, but I am 
unable by general reasoning to do more than indicate 
w'hat will ho tho olTcct of the removal of the partitions. 
l(. is clear that when tho sea swells up to form the 
high-water, the water comes not only from the east 
and the west of tho place of high-water, hut also from 
the north and south. Tho earth, as it rotates, carries 
with it the ocean ; the equatorial water is carried over 
a space of 25, 000 miles in 24 hourH, whereas the water 
in latitude 60“ is carried over only 12,500 miles in tho 
same time. When, in the northern hemisphere. 
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water moves from north to south it from 

where the surface of the earth is moviug hIowi!I% to 
where it is moving quicker. Then, as the water 
to the south, it carries with it oxily tlu* velnoify 
adapted to the northern latitude, and ho it Jeff 
behind hj the earth. Since the earth spirnH frcJiii 
west to east, a southerly carrent acqiiir(‘,H a westword 
trend- Conversely, when water is carricnl nortliward 
of its proper latitude, it leaves the eartli Ik'JuiuI mul 
is carried eastward. Hence the water caiuiot oscnllatti 
northward and southward, without at the nann^ tinii* 
oscillating eastward and westward. Since in iin 
ocean not partitioned into canals, tlie watc'r muht 
necessarily move not only east and west luit hIko 
north and south, it follows that tichil inovomaiite 
in the ocean must result in eddies or vortic'cs. Tlu^ 
eddying motion of the water must exist (‘very where*, 
but it would be impossible, without inathenuitictil 
reasoning, to explain how all the eddies lit into niio 
another in time and place. It must suDice for tin* 
present discussion for the reader to know that the 
full mathematical treatment of the probkuu s1h>wh 
this general conclusion to he correct. 

The very dlfHciilt mathematical problem of (lie 
tides of an ocean covering the globe to a unifurm 
depth was first successfully attacked by I.apbK'o. I Iv 
showed that whilst the tides of a shallow o(M*nn an* 
inverted at the equator, as proved by Newton, that 
they are direct towards the pole. We hav(* just 
arrived at the same conclusion by considtadng tin* 
tide- wave m a canal in latitude CO". But our reason- 



t’lL II 


Dllll^cT AND INVERTED TIDES 


161 


iuilii^atnd that Boniewliera in bi^iwtaai lu.ijjlua' 
laiittaUfH an<l tlu* aquator, the tide would be of an 
uudidincHl e.haraetcu% with an enoriuouH rau^e of riBc 
;unl falL The eum]dt‘te Bolution of tlu^ problem 
shiovs, however, that thin indication of the canal 
i!u‘ory is wroio^, and that the tidal variation of loved 
absoluDdy vajiislu»B in Bome latitudi^ iukanuHliaU*. 
bidweiai the (equator and the pole. The coneduHiou of 
the mathemalician in that tluTC in a ct*rtaiu circle of 
latitude, whoH(‘, position depondn on the depth of tin*. 
Hi‘a, winna* tlu‘re in neither rise nor fall of tide. 

At thin eirede the water ilowB northward and Honth* 
ward, and to and fro Ixitwetai east and west, hut in Hindi 
a way an never to raise or depre^sH the levcd of the siau It 
is not true to say that there is no tide at tlus cdrele, for 
there im) tidal (uirrentB without rise and fadh When 
tln^ oc(uui was HuppoBial to be cut into canals, we 
thereby obliterate*!! the northerly and southerly 
cnirrc*nts, and it is exactly these curreutB wliicdi 
prevent the tidt*s bottoming very great, as we were 
then led to suppost* they would he. 

It may s{*(‘in stra,nge that, whereas tlie first rongli 
Hcdution of tln^ jirohlem indicates an oscillation of 
infinite, magniiuth* a,t a certain paradhd of la-titudiq the 
more, acHMirate trc'udimmt of tile ease should show tluit 
iheri* is no osidllatiou of level at all. Yet to the nuithe- 
maiiedan Hindi a result is not a cause of suriirise. 
Hut wlnddn^r strange or not, it should he chair tluit if 
at the ecjuator it is low-water mnli'r the moon, and if 
im;ir idle pole it is high-water under the moon, th(*r(^ 
must in some intenuediata latitude he a place wlnu'c 

* M 
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tbe water is neither high nor low, that is to h 
where there is neither rise nor fall.^ 


Now let us tahe one more step towards actualil 
and suppose the earth’s equator to ho ohli(jut) to t 
orbits of the moon and sun, so that they may HOin 
times stand to the north and sometimes to the sou 
of the equator. We have seen that in tin’s cjaso tl 
equilibrium theory indicates that the two BUCCtWHt 
tides on any one day have unequal ran#j;eH. Tl 
mathematical solution of the problem shows th 
this conclusion is correct. It appears also that if tl 
ocean is deeper at the poles than at the o(iuator thi 
tide is the greater which is asserted to 1)0 so by tl 
equilibrium theory. If, however, the ocean is shallow'! 
at the poles than at the equator, it is found that tl 
high-water which the equilibrium theory would luul 
the larger is actually the smaller and vica tcvhh. 

If the ocean is of the same depth everywhere, v 
have a case intermediate between the t\vo, \vher(! it 
shallower at the poles, and where it is clotspor at tl 
poles. Now in one of these cases it appears that 11: 
higher high-water occurs where in the other wo (‘ni 
the lower high-water to occur ; and so, when the dept 
is uniform, the higher high-water and the lower higl 
water must attam the same heights. W e th us aixi vo J 
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the remarkable conclusion that, in an ocean of uniform 
depth, the diurnal inequality of the tide is evanescent. 
There are however diurnal inequalities in the tidal 
currents, which are so adjusted as not to produce a 
rise or fall. This result was first arrived at by the 
great mathematician Laplace. 

According to the equilibrium theory, when the 
moon stands some distance north of the equator, the 
inequality between the successive tides, on the coasts 
of Europe, should be very great, but the difference is 
actually so small as to escape ordinai'y observation. 
In the days of Laplace, the knowledge of the tides in 
other parts of the world was very imperfect, and it 
was naturally thought that the European tides were 
fairly representative of the whole world. When, then, 
it was discovered that there would be no diurnal 
inequality in an ocean of uniform depth covering the 
whole globe, it was thought that a fair explanation 
had been found for the absence of that inequality in 
Europe. But since the days of Laplace much has 
been learnt about the tides in the Pacific and Indian 
Oceans, and we now know that a large diurnal 
inequality is almost universal, so that the tides of the 
North Atlantic are exceptional in their simplicity. In 
fact the evanescence of the diurnal inequality is not 
much closer to the truth than the large inequality 
predicted by the equilibrium theory ; and both 
theories must be abandoned as satirfactory explana- 
tions of the true condition of affairs. But notwith- 
standing their deficiencies both these theories are of 
importance in teaching us how the tides are to be 
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predicted. In the next chapter I shall show how a 
further approximation to the truth is attainable* 

Authorities 

The canal theory in its elementary form is ti’eated in many 
works on Hydrodynamics, and in Tides^ ‘Encyclopaedia Britannica.’ 

An elaborate treatment of the subject is contained in Airy’s Tkhs 
and Warns, ‘ Encyclopssdia Metropolitana. Airy there attacks 
Laplace for his treatment of the wider tidal problem, but his stric- 
tures are now universally regarded as unsound. 

Laplace’s theory is contained in the M^canique CMeste, but it 
better studied in more recent works. 

A full presentment of this theory is contained in Professor Horace 
Lamb’s Hydrodynamics, Canib. IJniv. Press, 1895, chapter viii. 

Important papers, extending Laplace’s work, by Mr. S. S. Hough* 
are contained in the J^hiloso^lfiical Transactions oj the Boyd Societyit 
A. 1897, pp. 201-258, and A. 1898, pp. 139-185. 
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CHAPTEE X 

TIDES IN LAKES— COTIIUL CHAIIT 

Ip thc! conditions of tho tidal problem are to agree 
with reality, an ocean must be considered which is 
interrupted by continental barriers of land. The ease 
of a sea or lake entirely surrounded by land affords 
the simplest and most complete limitation to the 
continuity of the water. I shall therefore begin by 
considering the tides in a lake. 

The oscillations of a pendulum under the tidal 
attraction of the moon were considered in Chapter YI., 
and wo there saw that the pendulum would swing to 
and fro, although the scale of displacement would be 
too mimito for actual observation. Now a pendulum 
always bangs perpendicularly to the surface of water, 
and must therefore} ho rogardod as a sort of level. As 
it sways to and fro under the changing action of the 
tidal force, so also must the surface of water. If the 
water in ([uostion is a lake, the rocking of the level of 
th(} lake is a tnio tide. 

A lake of say a hundred miles in length is very 
small coraparcul with the size of the earth, and its 
watesrs must rosiiond almost instantaneously to the 
cliang(iH in the tidal force. Such a lake is not large 
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enough to introduce, to a perceptible extent, those 
complications which make the complete theory of 
oceanic tides so dif&cnlt. The equilibrium theory is 
here actually true, because the currents due to the 
changes in the tidal force have not many yards to run 
before equilibrium is established, and the lake may be 
regarded as a level which responds almost instanta^ 
neously to the tidal deflections of gravity. The open 
ocean is a great level also, hut sufficient time is not 
allowed it to respond to the changes in the direction 
of gravity, before that direction has itself changed. 

It was stated in Chapter V. that the maximum 
horizontal force due to the moon has an intensity 
equal to fiTeTMoo^^ gravity, and that therefore 

a pendulum 10 metres long is deflected through 
metres, or through of a milli-* 
metre. Now suppose our lake, 200 kilometres in 
length, runs east and west, and that our pendulum is 
hung up at the middle of the lake, 100 kilometres 
from either end. In fig. B1 let o n represent the 
level of the lake as undisturbed, and ^ n an exagge- 
rated pendulum. When the tide-generating force 
displaces the pendulum to a b', the surface of the lake 
must assume the position & d\ Now a b being 10 
metres, b b' may range as far as of a millimetre ; 
and it is obvious that c c' must hear the same rela- 
tion to c B that B b' does to a b. Hence a at its 
greatest may be n 76 ^i;T^ of l^alf the length of the 
lake. The lake is supposed to be twice 100 kilometres 
in length, and 100 kilometres is 10 million centimetres ; 
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thuH (! c' is centimetre, or ,"„tlis of a centi- 

inotrc- When the pendulum is deflected in Iho other 
direction the lake rocks the other way, and is just 
as much ahov(! e as it was below it before. It follows 
IVoTn this that the lunar tide at the ends of a Iak(‘, 
‘200 kilomc.tres or 1 20 miles in length, has a range of I 
centimetres, or § of an inch. The solar tidal force is 
a little hiss than half as strong as that due to tlm 
moon, aiul wlum the two forces conspire together at 
the times of spring-tide, we should find a tide with a 
range of 21, centimetres. 



Fin. at.— -The Tiiie in a Ijakb 


If the same rule wore to apply to a lake 2,000 
kilometres or 1,200 miles in length, the range of 
lunar tide would he about 17 centimetres or 7 inches, 
and the addition of solar tides would bring the range 
up to 2r) ce.ntimetr(‘H or 10 inches. I dare say that, 
for a lakes of such a size, this rule would not bo very 
largely in error. But as we make the lake longm-, 
the currents set up by the tidal forces have not 
Kunicie.nt time toi)roduce their full ell’octs before the 
intensity and direction of the tidal forces change. 
Besides this, if the lake were broad from north to 
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south, the earth’s rotation would have an appreciable 
effect, so that the water which flows from the north 
to the south would be deflected westward, and that 
which flows from south to north would tend to flow 
eastward. The curvature of the earth’s surface mist 
also begin to affect the motion. For these reasons, 
such a simple rule would then no longer suffice for 
calculating the tide. 

Mathematicians have not yet succeeded in solving 
the tidal problem in a lake of large dimensions, and 
so it is impossible to describe the mode of oscil- 
lation. It may however be asserted that the shape, 
dimensions, and depth of the lake, and the latitudes 
of its boundaries will affect the result. The tides on 
the northern and southern shores will be different, and 
there will be nodal lines, along which there will be no 
rise and fall of the water. 

The Straits of Grihraltar are so narrow, that the 
amount of water which can flow through them in the 
six hours, which elapse between high- and low-water in 
the Atlantic, is inconsiderable. Hence the Mediter- 
ranean Sea is virtually a closed lake. The tides of 
this sea are much complicated by the constriction 
formed by the Sicilian and Tunisian promontories. 
Its tides probably more nearly resemble those of two 
lakes, than of a single sheet of water. The tides of 
the Mediterranean are, in most places, so inconspicu- 
ous that it is usually, but incorrectly, described as a 
tideless sea. Every visitor to Venice must, however^ 
have seen, or may we say smelt, the tides, which at 
sj)rings have a range of some four feet. The con- 
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Hi(l(‘raI>lo ran^Hi of tide at Venice appoarn to in<U(‘ate 
that the Adriatic actR aa a roaoiiaior for the tidal 
oHcillatioti, in tlio name way tliat a hollow vcss(d, 
luntul to a particular note, picks out and rcHonatcs 
U)tidly wlieu that note is BOundcKL 

AVe then that whilst the tides of a Rinall lak<^ 
arc', calculahli^ by tlio (‘(luilil)rium thc‘ory, thono of a 
onc^, such as tlu^ McHlitcirranean, nnuain intracd- 
able. It is (dc‘ar tluui that the tides of the ocH’un 
must prc^Hcmt a problciu yet more comph‘X than those 
of a hirge lakc‘. 

In tlu' ihicific and Soutlvern o<*eans the tidal 
forcc'H have' almost uninteiTupted sway, l)ut the 
promoTitoric^H of Africa and of South Americ'a must 
profoundly aileet tlie progress of the tide-wave from 
east to west, Atlantic Ocean forms a grc*ut ha^y 
in this vastc'r tract of water. If tliis inhd wcoa? 
cdosed by a barrier from the Cape of Oood Hopc^ to 
Cape Horn, it would form a lake large enough for tlu' 
genera, tiou of miicdi largiu* tides than tlu^se of the 
MeditcTrancMui Sc^a,, altliough probably mucdi smalh^r 
than those which we actually observe on our c.oaslH. 
Lc't us now supposes that the tides ])n)pcw to the* 
Atlantic am non-(*xistent, and let us rcmiovc' tlu^ 
harric'r hediweem tlu^ two capes. Them tlici gre^adi iidet- 
wave'. sw<‘(‘ps {Ku’oss the Southern Ocuain from caist 
to west, and, on rc'acdiing the tract betweem Afri(*,a a, ml 
South America,, gemeratem a wa?e whk?h Iravcds north-* 
ward uj) tin* Atlantic inlet. This secoiidary wav(' 
travCs * fre(‘ly,’ a,t a rate dep<Hidant oidy on tlu' depth 
of tlu' ocean. The energy of the wave motion is con- 
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centrated, where the channel narrows between North 
Africa and Brazil, and the height of the wave must 
be augmented in that region. Then the energy is 
weakened by spreading, where the sea broadens again, 
and it is again reconcentrated by the projection of the 
North American coast line towards Europe. Hence 
even in this case, ideally simj)lified as it is by the 
omission of the direct action of the moon and sun, 
the range of tide would differ at every portion of the 
coasts on each side of the Atlantic. 

The time of high-water at any place must also 
depend on the varying depth of the ocean, for it is 
governed by the time occupied by the ‘ free wave ^ in 
travelling from the southern region to the north. But 
in the south, between the two capes of Africa and 
South America, the tidal oscillation is constrained to 
keep regular time with the moon, and so it will keep 
the same rhythm at every place to the northward, at 
whatever variable pace the wave may move. The 
time of high-water will of coarse differ at every point, 
being later as we go northward. The wave may 
indeed occupy so long on its journey, that one high- 
water may have only just arrived at the northern 
coasts of Africa, when another is rounding the Cape 
of Grood Hope. 

Under the true conditions of the case, this ^ free ’ 
wave, generated in and propagated from the southern 
ocean, is fused with the true ‘ forced ’ tide-wave 
generated in the Atlantic itself. It may be conjectured 
that on the coast of Europe the latter is of less im- 
portance than the former. It is interesting to reflect 
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that our tides to-day depend even more on whafc 
occurred yesterday or the day before in the Southern 
Pacific and Indian Oceans, than on the direct action of 
the moon to-day. But the relative importance ot the 
two causes must remain a matter of conjecture, for 
the problem is one of insoluble complexity. 

Some sixty years ago Whewell, and after him Airy, 
drew charts illustrative of what has just been 
described. A map showing the march of the tide- 
wave is reproduced from Airy’s * Tides and Waves,’ in 
fig. 32. It claims to show, from the observed times 
of high-water at the various parts of the earth, how 
the tide-wave travels over the oceans. Whewell and 
Airy were well aware that their map could only be 
regarded as the roughest approximation to reality. 
Much has been learnt since their days, and the then 
incomplete state of knowledge hardly permitted them 
to fully realise how very rough was their approximation 
to the truth. No more recent attempt has been made 
to construct such a map, and we must rest satisfied 
with this one. Even if its lines may in places depart 
pretty widely from the truth, it presents features of 
much interest. I do not reproduce the Pacific Ocean, 
because it is left almost blank, from deficiency of 
data. Thus in that part of the world where the 
t’des are most normal, and where the knowledge 
of them would possess the greatest scientific interest, 
we are compelled to admit an almost total igno- 
rance. 

I have in Chapter VIII. defined ‘ the establish- 
ment ’ as the hour of the clock of high-water at full 
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and i»lian*y‘ of inomn Now tlio limiB hi tlio initp, 
fi*4, urn liiioH of arjiinl ostnbltMluuiOit. TIhih at 
lunm anti luidnitdit (Nil, o'clock), at fall and chana** 
<if nioou, the? t*rcHt of the tidoAvavo rioiH frioo Nortli 
AiiHiratia to Hiuiiatra, llHoiee to Oylon, wluauai it 
iHuulshack to th(‘ Ihluodof Ikmrhon, and, paBHinn’Himio 
liundrctLs of miloH Houth of the (^apo ofCJood llopc, 
irtaulH uAvay lowareLs llu* Anhtrctic Ota^iin, At t In? aamo 
moment the prcolona tidc-ercHt han travolkal up tlio 
Atlantic, and in found running acronn from Newfoumh 
land to the Canary inhunls, A yot carli(*r cr(*Ht huH 
reacdnul the north of Norway. At tluH monuuit it ii 
low-water from Hra/dl to the Gold Coant, and again at 
Great Britain. 

The HUcce.sHive lincH then CKliiliit the progroHB of 
the wave from hour to hour, and we nee how tin? wavt^ 
h propagatcnl into the Atlantic. The crowding 
together of linen in placoB is the grapliica.I j't'pr(‘H(m- 
tation of tlu^. r(‘tardati<in of the wave, as it runs into 
shallcnviu* water. 

But ev(Mi if thiH (‘hart were perf(‘etly trustwortliy, 
it would only tcdl us of the iirogrens of tin? ordinary 
serni-diunial wav(% whicdi produces )ugh«wa,t(u* twict‘ 
a <lay. Wv have? howev(‘r hchui rt‘.aHou to helic‘V<‘ that 
iwoHUcc(‘,HHive tides should not rise hunpiai Inughtsgi-nd 
this figure do(‘H not (*.ven profess to give any HUgg(‘Htion 
as to how this in(U(uality is propagaic^d. In otino- 
words, it is impossihle to say whethcu’ two suctu‘Hsiv(‘ 
iid(‘.s of unetpial heights tend to hiT.onu? mon^ or 
less luuHpial. as they run into any of tin? gnsai 
oceanic inh'ls. Tims the map aiTords no indication 
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of tlie law of the propagation of tiui <lianial in- 
eqnality. 

This sketch of the difficulties in the solutiiui of 
the full tidal problem might well lead to doHpair of tlio 
j)ossibility of tidal prediction on our coantH- I nlmll 
however show in the next chapter how such pmlietion 
is possible. 

Authohitikh 

For cotidal charts see Whewell, Phil. Tram* Poif, St*f» 
or Airy’s Tides and Waves, ‘ Eiicyclopiedia MetropoliUinu/ 
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CrrAPTER XI 

ItAIllIONIC ANALYSIS OP THE TIDE 

It is not iirolmblo tliiit it will ever be possible to 
detenuiiu! the nature of the oceanic oscillation as a 
whole with any accuracy. It is true that we have 
already some knowledge of the general march of the 
tide-wave, and we shall doubtless learn more in the 
future, but this can never suffice for accurate predic- 
tion of the tide at any place. , 

Although the equilibrium theory is totally false as 
regards its prediction of the time of passage and of 
the height of the tide-wave, yet it furnishes the step- 
ping-stcmc) leading towards the truth, because it is in 
eH’i'ct a compoudiouH statement of the infinite variety 
(if the tidal force in tiuui and place. 

I will begin my (ixplanation of tlio practical 
method of tidal prediction by obliterating the sun, 
and by supiiosing that the moon revolves in an 
(‘(lualorial circle round the earth. In this case the 
(•(luililiriiim theory indicates that each tide exactly 
resembh'H its predccossors and its succesHors for all 
time, and that tlu! successive and simultaneous pass- 
ages of tlu' moon and of the wave crests across any 
place follow one another at intervals of 12 hours 
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25 minutes. It would always be exactly high-water 
under or opposite to the moon, and the height of 
high water would be exactly determinate. In actual 
oceans, even although only subject to the action of such 
a single satellite, the motion of the water w^ould be so 
complex, that it would be impossible to predict the 
exact height or time of high- or of low- water. But since 
the tidal forces operate in a stereotyped fashion day 
after day, there will be none of that variability which 
actually occurs on the real earth under the actions of 
the real sun and moon, and we may positively assert 
that, whatever the water does to-day it will do to- 
morrow. Thus, if at a given place it is high-water at 
a definite number of hours after the eq^uatorial moon 
has crossed the meridian to-day, it will be so to- 
morrow at the same^ number of hours after tine 
moon's passage, and the water will rise and fall 
every day to the same height above and below the 
mean sea-level. If then we wanted to tnow how the 
tide would rise and fall in a given harbour, we need 
only watch the motion of the sea at that place, for 
however the water may move elsewhere its motiop. 
will always produce the same result at the port of 
observation. Thus, apart from the effects of wind, we 
should only have to note the tide on any one day to 
be able to predict it for all time. Bor by a single day 
of observation it would he easy to note how many 
hours after the moon’s passage high-water occurs, and 
how many feet it rises and falls, with reference to 
some fixed mark on the shore. The delay after the 
moon’s passage and the amount of rise and fall would 
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sir gf^ographically, but at each place there would he 
definite numbers giving the height of the tide and 
.xiterval after the moon’s passage until high-water. 
3e two numbers are called the tidal constants for 
>ort ; they would virtually contain tidal predictions 
bll time. 

nT ow if the moon were obliterated, leaving the sun 
and if he also always moved over the equator, 
nilar rule would hold good, but exactly 12 hours 
d elapse from one high-water to the next, instead 
I hours 25 minutes as in the case of the moon’s 
fced action. Thus two other tidal constants, 
e^ssive of height and interval, would virtually 
3biii tidal prediction for the solar tide for all time, 
'heory here gives us some power of foreseeing the 
I've importance of the purely lunar and of the 
[y solar tide. The two waves due to the sun 
s or to the moon alone have the same character, 
hxe solar waves follow one another a Jittle quicker 
lunar waves, and the sun’s force is a little 
hail half the moon’s force. The close similarity 
5 ori the actions of the sun and moon makes it 
;o conclude that the delay of the isolated solar 
after the passage of the sun, would not differ 
, from the delay of the isolated lunar wave after 
a s sage of the moon, and that the height of the 
"wave would be about half of that of the lunar 
But theory can only he trusted far enough to 
it a rough proportionality of the heights of the 
de-waves to iheir respective generating forces, and 
;>proximate equality of the intervals of retarda- 
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tion ; but the height anti rt'inrtlatinn df tiio nolar wsivs 
could not be accurately fonitold friiiii obKorviitinn ot 
the lunar wave. 

When the sun and moon co-oxtHl, but htill »tu»w 
in equatorial circles, tlus two waves, whieh we have 
considered separately, are fejiibiiu'd. The four ti4«! 
constants, two for the moon ami two for flu* ««i, 
would contain the prediction (*f the height of uater for 
all time, for it is easy at any future nionieiit of tinie to 
discover the two intervals of time since tlii! tmwii am! 
since the sun have crossed the inuriilian of tho pliwo 
of observation ; we should then calculate the height 
of the water above some mark on tins shore on the sup- 
position that the moon exists alone, and, again, on lb# 
supposition that the sun exists alone, and adding iho 
two results together, should oljtain the required 
of the water at the moment in question. 

But the real moon ami sun do not move In 
equatorial circles, but in plamis which are oidiquu to 
the earth s equator, and they are therefore Homotiiiieii 
to the north and sometimes to the south of the equator; 
they are also sometimes nearer and HometinieH further 
from the earth on account of tho (secentricily of the 
orbits in which they move. Now the mathciuaticirtn 
treats this complication in tlie following wav. lie 
first considers the moon alone and replaces ‘it l.y « 
number of satellites of various masKOH, which inovti in 
various planes. It is a matter of imlill’ci'eiico that 
such a system of satellites could not mainlain the 
orbits assigned to them if they wero u,ll„we,l go fre, 
but a mysterious being may bopo8tulatt*d whoconqti l,, 
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the HiitolUtcH tu inovo in tho assignfil orliitH. One, 
:iiui thiK w tlw largest of these ideal siitellitoH, has 
nearly tin* saiui) iiiiws as the real moon an«l nun'cH in 
ii eirele ctver tins eejuator j it is in fuet the siiujih^ 
istilitted nuHjti whose action I first conHidered. 
Another Hinal! snti'llito Htands still amongst the stars ; 
others move* in such orhits that they are always 
vertieally over-head in latitude •Ifi*’ ; others repel 
inslead of attracting ; atul otliers move iniekwards 
ajiiongst the stars. Now alt thesu satellites are so 
arrange'd as to tlitdr masses and their orhits, that the 
smn of their tidal forces is exactly tin* same as those 
duo to tho real moon moving in her actual orhit. 

Ho far the prolilem seems to he complieaUsd rather 
than simplified, for wo have to consider a dozen 
moons instead of one. The simiililication, however, 
arises from the fact that each satelUte eitlier moves 
uniformly in an orhit parallol to the e(|uatur, or else 
stands still amongst tho stars. It follows that each 
of tho ideal satellihm creates a tide in tlie ocean 
which is of a simple (diaracter, and repeats itself day 
aftc-r day in the sauie way us the tide dm* to an 
iselutud etpiatorial moon. If all but ouo of these 
ideal satellites werti obliterated the ohsitrvation of the 
Uile for a single day woidd eiiahle us to predict the 
title fitr all time ; because it would only la* mieessary 
to nttte tile, time of high-wator after tiie ideal satellite 
luiti crossed tho meridian, and the height of the higli- 
wiihT, nml then these two data woultl virtually eontahi 
a (iilal predielioii for that tide at the place of olmerva- 
tion for all future time. Tlie interval and height are 
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together a pair of ‘tidal constants ’ for the particular 
satellite in question, and refer only to the particular 
place at which the observation is made. 

In actuality all the ideal satellites co-exist, and 
the determination of the pair of tidal constants 
appropriate to any one of them has to be made by a 
complex method of analysis, of which I shall say 
more hereafter. For the present it will suffice to 
know that if we could at will annul all the ideal 
satellites except one, and observe its tide even for a 
single day, its pair of constants could be easily deter- 
mined. It would then only be necessary to choose in 
succession all the satellites as subjects of observation, 
and the materials for a lunar tide-table for all time 
would be obtained. 

The motion of the sun round the earth is analogous 
to that of the moon, and so the sun has also to be 
replaced by a similar series of ideal suns, and the 
partial tide due to each of them has to be found. 
Finally at any harbour some 20 pairs of numbers, 
corresponding to 20 ideal moons and suns, give 
the materials for tidal prediction for all time. Theo- 
retically an infinite number of ideal bodies is necessary 
for an absolutely perfect representation of the tides, 
but after we have taken some twenty of them, the 
remainder are found to be excessively small in mass, 
and therefore the tides raised by them are so minute 
that they may be safely omitted. This method of 
separating the tide-wave into a number of partial 
constituents is called ‘harmonic analysis.’ It was 
'first suggested and put into practice as a practical 
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treatment of the tidal problem, by . Sir William 
Thomson, now Lord Kelvin, and it is now in exten- 
sive use. 

In this method the aggregate tide-wave is consi- 
dered as the sum of a number of simple waves following 
one another at exactly equal intervals of time, and 
always presenting a constant rise and fall at the 
place of observation. When the time of high-water 
and the height of any one of these constituent waves 
is known on any one day, we can predict, with cer- 
tainty, the height of the 'water, as due to it alone, at 
any future time however distant. The period of time 
which elapses between the passage of one crest and of 
the next is absolutely exact, for it is derived from a 
study of the motions of the moon or sun, and is 
determined to within a thousandth of a second. 
The instant at which any one of the satellites passes 
the meridian of the place is also known with absolute 
accuracy, but the interval after the passage of the 
satellite up to the high-water of any one of these con- 
stituent waves, and the height to which the water will 
rise are only derivable from observation at each 
port. 

Since there are about twenty co-existent waves of 
sensible magnitude, a long series of observations is 
requisite for disentangling any particular wave from 
among the rest. The series must also be so long that 
the disturbing influence of the wind, both on height 
and time, maybe eliminated by the taking of averages. 
It may be well to reiterate that each harbour has to 
be considered by itself, and that a separate set of tidal 
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constants lias to be found for each place. If it is only 
required to predict the tides with moderate accuracy 
some eight partial waves suffice, but if high accuracy 
is to be attained, we have to consider a number of 
the smaller ones, bringing the total up to 20 or 25. 

When the observed tidal motions of the sea have 
been analysed into jiartial tide-waves, they are found 
to fall naturally into three groups, which correspond 
with the dissections of the sun and moon into the 
ideal satellites. In the first and most important 
group the crests follow^ one another at intervals of 
somewhere about 12 hours ; these are called the 
semidiurnal tides. In the second group, the waves 
of which are in most places of somewhat less height 
than those of the semidiurnal group, the crests follow 
one another at intervals of somewhere about 24 hours, 
and they are called diurnal. The tides of the third 
group have a very slow periodicity, for their periods are 
a fortnight, a month, half a year, and a year ; they are 
commonly of very small height, and have scarcely 
any practical importance ; I shall therefore make no 
further reference to them. 

Let us now consider the semidiurnal group. The 
most important of these is called ‘ the principal lunar 
semidiurnal tide.’ It is the tide raised by an ideal 
satellite, which moves in a circle round the earth’s 
equator. I began my explanation of this method by 
a somewhat detailed consideration of this wave. In 
this case, the wave crests follow one another at 
intervals of 12 hours 25 minutes 14^ seconds. The 
average interval of time between the successive 



CIL XI 


SEMIDIURNAL TIDES 


18 S 


visibk transits of the moon over the meridian of the 
place of observation is 24 hours 50 minutes 28 J 
seconds ; and as the invisible transit corresponds to a 
tide as well as the visible one, the interval between 
the successive high-waters is the time between the 
successive transits, of which only each alternate one is 
visible. 

The tide next in importance is ‘the principal 
solar semidiurnal tide.’ This tide bears the same 
relationship to the real sun that the principal lunar 
semidiurnal tide bears to the real moon. The crests 
follow one another at intervals of exactly 12 hours, 
which is the time from noon to midnight and of mid- 
night to noon. The height of this partial wave is, at 
most places, a little less than half of that of the 
principal lunar tide. 

The interval between successive lunar tides is 25^ 
minutes longer than that between successive solar 
tides, and as there are two tides a day, the lunar tide 
falls behind the solar tide by 50^ minutes a day. If 
we imagine the two tides to start together with simul- 
taneous high-waters, then in about 7 days the lunar 
tide will have fallen about six hours behind the solar 
tide, because 7 times 50^ minutes is 5 hours 54 
minutes. The period from high-water to low-water 
of the principal solar semidiurnal tide is 6 hours, being 
half the time between successive high-waters. Accord- 
ingly, when the lunar tide has fallen 6 hours behind 
the solar tide, the low-water of the solar tide falls in 
with the high-water of the lunar tide. It may 
facilitate the comprehension of this matter to take a 
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numerical example ; suppose then that the lunar tide 
rises 4 feet above and falls hy the same amount below 
the mean level of the sea, and that the solar tide rises 
and falls 2 feet above and below the same level ; then if 
the two partial waves be started with their high-waters 
simultaneous, the joint wave will at first rise and fall 
by 6 feet. But after 7 days it is low solar tide when it 
is high lunar tide, and so the solar tide is subtracted 
from the lunar tide, and the compound wave has a 
height of 4 feet less 2 feet, that is to say, of 2 feet. 
After nearly another 7 days, or more exactly after 14| 
days from the start, the lunar tide has lost another 6 
hours, so that it has fallen back 12 hours in all, and 
the two high-waters agree together again, and the 
joint wave has again a rise and fall of 6 feet. When 
the two high-waters conspire it is called spring-tide, 
and when the low- water of the solar tide conspires 
with the high-water of the lunar tide, it is called 
neap-tide. It thus appears that the principal lunar 
and principal solar semidiurnal tides together re- 
present the most prominent feature of the tidal 
oscillation. 

The next in importance of the semidiurnal waves 
is called the ‘ lunar elliptic tide,’ and here the crests 
follow one another at intervals of 12 hours 39 minutes 
80 seconds. Now the interval between the successive 
principal . lunar tides was 12 hours 25 minutes 
14 seconds ; hence, this new tide falls behind the 
principal lunar tide by 14| minutes in each half day. 
If this tide, starts so that its high-water agrees with 
that of the principail lunar tide, then after 13| days 
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from the start, its hollow falls in with the crest of 
the former, and in 27^ days from the start the two 
crests agree again. 

The moon moves round the earth in an ellipse, 
and if to-day it is nearest to the earth, in 13| days it 
will be furthest, and in 27^ days it will be nearest 
again. The moon must clearly exercise a stronger 
tidal force and create higher tides, when she is near 
than when she is far ; hence every 27^ days the tides 
must be larger, and half-way between they must be 
smaller. But the tide under consideration conspires 
with the principal lunar tide every 27-| days, and, 
accordingly, the joint wave is larger every 27^ days 
and smaller in between. Thus this lunar elliptic tide 
represents the principal effect of the elliptic motion of 
the moon round the earth. There are other semi- 
diurnal waves besides the three which I have 
mentioned, but it would hardly be in place to consider 
them further here. 

Now turning to the waves of the second kind, 
which are diurnal in character, we find three, all of 
great importance. In one of them the high-waters 
succeed one another at intervals of 25 hours 49 
minutes seconds, and of the second and third, one 
has a period of about 4 minutes less than 24 hours 
and the other of about 4 minutes greater than the 
24 hours. It would hardly be possible to show by 
general reasoning how these three waves arise from 
the attraction of three ideal satellites, and how these 
satellites together are a substitute for the actions of 
the true moon and sun. It must, how^ever, be obvious 
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that the oscillation resulting from three co-existent 
waves will be very complicated. 

All the semidiurnal tides result from waves of 
essentially similar character, although some follow 
one another a little more rapidly than others, and 
some are higher and some are lower. An accurate 
eotidal map, illustrating the progress of any one of 
these semidiurnal waves over the ocean, would certainly 
tell all that we care to know about the progress of all 
the other waves of the group. 

Again, all the diurnal tides arise from waves of 
the same character, but they are quite diverse in 
origin from the semidiurnal weaves, and have only one 
high-water a day instead of two. A complete know- 
ledge of the behaviour of semidiurnal waves would 
afford but little insight into the behaviour of the 
diurnal waves. At some time in the future the 
endeavour ought to be made to draw a diurnal 
cotidal chart distinct from the semidiurnal one, but 
our knowledge is not yet sufficiently advanced to make 
the construction of such a chart feasible. 


All the waves of which I have spoken thus far are 
generated by the attractions of the sun and moon 
and are therefore called astronomical tides, but the 
sea-level is also affected by other oscillations arising 
from other causes. 

Most of the places, at which a knowledge of the 
tides is practically important, are situated in estuaries 
and in rivers. Now rain is more prevalent at one 
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season than at another, and mountain snow melts in 
summer; hence rivers and estuaries are subject to 
seasonal variability of level. In many estuaries 
this kind of inequality may amount to one or two 
feet, and such a considerable change cannot be dis- 
regarded in tidal prediction. It is represented by 
inequalities with periods of a year and of half a year, 
which are called the annual and semiannua] meteoro- 
logical tides. 

Then again, at many places, especially in the 
Tropics, there is a regular alternation of day and 
night breezes, the effect of which is to heap up the 
water in-shore as long as the wind blows inland, and 
to lower it when the wind blows off-shore. Hence 
there results a diurnal inequality of sea-level, which 
is taken into account in tidal prediction by means 
of a ‘ solar diurnal meteorological tide.’ Although 
these inequalities depend entirely on meteorological 
influences and have no astronomical counterpart, yet 
it is necessary to take them into account in tidal 
prediction. 


But besides their direct astronomical action, the 
sun and moon exercise an influence on the sea in a 
way of which I have not yet spoken. We have seen 
how waves gradually change their shape as they pro- 
gress in a shallow river, so that the crests become 
sharper and the hollows flatter, while the advancing 
slope becomes steeper and the receding one less steep. 
An extreme exaggeration of this sort of change of 
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shape was found in the bore. Now it is an absolute 
rale, in the harmonic analysis of the tide, that the 
partial waves shall be of the simplest character, 
and shall have a certain standard law of sloi^e on 
each side of their crests. . If then any wave ceases 
to present this standard simple form, it is neces- 
sary to conceive of it as compound, and to build it 
up out of several simple waves. By the composi- 
t'on of a simple wave with other simple waves of a 
half, a third, a quarter of the wave-length, a resultant 
wave can be built up which shall assume any desired 
form. For a given compound wave, there is no 
alternative of choice, for it can only be built up in one 
way. The analogy with musical notes is here com- 
plete, for a musical note of any quality is built up 
from a fundamental, together with its octave and 
twelfth, which are called overtones. So also the 
distorted tide- wave in a river is regarded as consisting 
of simple fundamental tide, with over-tides of half 
and third length. The periods of these over-tides 
are also one-half and one-third of that of the funda- 
mental wave. 

Out in the open ocean, the principal lunar semi- 
diurnal tide is a simple wave, but when it runs into 
shallow water at the coast-line, and still more so iai 
an estuary, it changes its shape. The low-water 
lasts longer than the high-water, and the time which 
elapses from low- water to high-water is usually 
shorter than that from high-water to low-water. 
The wave is in fact no longer simple, and this is 
"taken into account by considering it to consist of a 
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fundamental lunar semidiurnal waye with a period 
of 12 hours 50 minutes, of the first over-tide or 
octave with a period of 6 hours 25 minutes, of the 
second over-tide or twelfth with a period of 4* hours 
17 minutes, and of the third over-tide or double octave 
with a period of 3 hours 13 minutes. In estuaries, 
the first over- tide of the lunar semidiurnal tide is 
often of great importance, and even the second is 
considerable ; the third is usually very small, and the 
fourth and higher over-tides are imperceptible. In 
the same way over-tides must be introduced, to repre- 
sent the change of form of the principal solar semi- 
diurnal tide. But it is not usually found necessary 
to consider them in the cases of the less important 
partial tides. The octave, the twelfth, and the upper 
octave may be legitimately described as tides, because 
they are due to the attractions of the moon and of the 
sun, although they arise indirectly through the dis- 
torting influence of the shallowness of the water. 


I have said above that about twenty different simple 
waves afford a good representation of the tides at any 
port. Out of these twenty waves, some represent the 
seasonal change of level in the water due to unequal 
rainfall and evaporation at different times of the year, 
and others represent the change of shape of the wave 
due to shallowing of the water. Deducting these quasi- 
tides, we are left with about twelve to represent the 
true astronomical tide. It is not possible to give an 
exact estimate of the number of partial tides necessary 
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to ensure a good representation of the aggregate tide- 
wave, because the characteristics of the motion are so 
different at various places, that partial waves, impor- 
tant at one place, are insignificant at others. For 
example, at an oceanic island the tides may be more 
accurately represented as the sum of a dozen simple 
waves than by two dozen in a tidal river. 

The method of analysing a tide into its constituent 
parts, of which I have now given an account, is not 
the only method by which the tides may be treated, 
but as it is the most recent and the best way, I shall 
not consider the older methods in detail. The nature 
of the procedure adopted formerly will, however, be 
indicated in Chapter XIIL 

Authoeity 

G. H. Darwin, Harmonic Analysis of Tidal Observations : 

‘ Eeport to British Association.’ Southport, 1883. 

An outline of the method is also contained in Tides, ‘ Encyclo- 
p£edia Britannica.’ 
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CHAPTEE XII 

RBDrCTION OF TIDAL OBSERVATIONS 

I HAVE now to explain the process by which the 
several partial tides may be disentangled from one 
another. 

The tide-gauge furnishes a complete tidal record, 
so that measurement of the tide-curve gives the 
height of the water at every instant of time during the 
whole period of observation. The record may be 
supposed to begin at noon of a given day, say of the 
first of January. The longitude of the port of obser- 
vation is of course known, and the Nautical Almanack 
gives the positions of the sun and moon on the day and 
at the hour in question, with perfect accuracy. ' The 
real moon has now to be replaced 'by a series of ideal 
satellites, and the rules for the substitution are 
absolutely precise. Accordingly, the position in the 
heavens of each of the ideal satellites is known at the 
moment of time at which the observations begin. 
The same is true of the ideal suns which replace the 
actual sun. 

I shall now refer to only a single one of the ideal 
moons or suns, for, mntatis mutandis, what is true of 
one is true of ail. It is easy to calculate at what hour 
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of the clock, measured in the time of the place of 
observation, the satellite in question will be due south- 
If the ideal satellite under consideration were the 
one which generates the principal lunar semidiurnal 
tide, it would be due south very nearly when the 
real moon is south, and the ideal sun which generates 
the principal solar tide is south exactly at noon. But 
there is no such obvious celestial phenomenon asso- 
ciated with the transit of any other of the satellites, 
although it is easy to calculate the time of the 
southing of each of them. We have then to discover 
how many hours elapse after the passage of the 
particular satellite up to the high-water of its tide- 
wave. The height of the wave-crest above, and the 
depression of the wave-hollow below the mean water- 
mark must also be determined. When this problem 
has been solved for all the ideal satellites and suns, 
the tides are said to be reduced, and the reduction 
furnishes the materials for a lide-table for the place 
of observation. 

The difficulty of finding the time of passage and 
the height of the wave due to any one of the satellites 
arises from the fact that all the waves really co-exist, 
and are not separately manifest. The nature of the 
disentanglement may be most easily explained from a 
special case, say for example that of the principal 
lunar semidiurnal tide, of which the crests follow one 
another at intervals of 12 hours 25 minutes 14^ 
seconds. 

Since the waves follow one another at intervals of 
approximately, but not exactly, a half-day, it is con- 
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venient to manipulate the time-scale so as to make them 
exactly semidiurnal. Accordingly we describe 24 hours 
50 minutes 28 1 seconds as a lunar day, so that there 
are exactly two waves following one another in the 
lunar day. 

The tide-curve furnishes the height of the water 
at every moment of time, but the time having been 
registered by the clock of the tide-gauge is partitioned 
into ordinary days and hours. It may however be 
partitioned at intervals of 24 hours 50 minutes 28^ 
seconds, and into the twenty-fourth parts of that 
period, and it will then be divided into lunar days 
and hours. On each lunar day the tide for which we 
are searching presents itself in the same way, so that 
it is always high- and low-water at the same hour of 
the lunar clock, with exactly two high-waters and two 
low-waters in the lunar day. 

Now the other simple tides are governed by other 
scales of time, so that in a long succession of days 
their high-waters and low- waters occur at every hour 
of the lunar clock. If then we find the average curve 
of rise and fall of the water, when the time is divided 
into lunar days and hours, and if we use for the 
average a long succession of days, all the other tide- 
waves will disappear, and we shall be left with only 
the lunar semidiurnal tide, purified from all the 
others which really co-exist with it. 

The numerical process of averaging thus leads to 
the obliteration of all but one of the ideal satellites, 
and this is the foundation of the method of harmonic 
analysis. The average lunar tide-curve may be 

0 
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looked on as the outcome of a single day of oBseiva- 
tion, when all but the selected satellite have been 
obliterated. The height of the average wave, and the 
interval after lunar noon up to high-water are the 
two tidal constants for the lunar semidiurnal tide, 
and they enable us to foretell that tide for all future 
time. 

If the tide-curve were partitioned into other days 
and hours of appropriate lengths, it would be possible 
by a similar process of averaging to single out another 
of the constituent tide-waves, and to determine its two 
tidal constants, which contain the elements of pre- 
diction with respect to it. By continued repetition of 
operations of this kind, all the constituents of practical 
importance can be determined, and recorded numeri- 
cally by means of their pairs of tidal constants. 

The possibility of the disentanglement has now 
been demonstrated, but the work of carrying out these 
numerical operations would be fearfully laborious. 
The tide-curve would have to be partitioned into about 
a do^^on kinds of days of various lengths, and the process 
would entail measurements at each of the 24 hours of 
(■iach sort of day throughout the whole series. There 
are about nine thousand hours in a year, and it would 
need about a hundred thousand measurenaents of the 
curve to evaluate twelve differemt partial tides ; each 
set of measured heights would tlien have to be treated 
separately to find the several sorts of averages. Work 
of this kind has usually to be done by paid computers, 
and the magnitude of the operation would make it 
linaucially prohibitive. It is however fortunately 
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ble to devise abridged methods, which bring the 
within manageable limits. 

1 order to minimise the number of measurements, 
de-curve is only measured at each of the 24 exact 
1 of ordinary time, the height at noon being 
►ered 0 hr., and that at midnight 12 hrs., and 
. up to 24 hrs. After obtaining a set of 24 
irements for each day, the original tide-curve is 
» farther use. The number of measurements 
^ed is still large, but not prohibitive. It would 
newhat too technical, in a book of this kind, to 
n in detail how the measured heights of the 
at the exact hours of ordinary time may be made 
with fair approximation, the heights at the 
hours of other time-scales. It may however be 

0 explain that this approximate method is based 
3 fact, that each exact hour of any one of the 

1 time-scales must of necessity fall within half 
ur of one of the exact hours of ordinary time, 
leight of the water at the nearest ordinary 
h then accepted as giving the height at the 
lOur of the special time. The results, as com- 
in this way, are subjected to a certain small 
ion, which renders the convention accurate 
1 for all practical purposes. 

schedule, serviceable for all time and for all 
is prepared which shows the hour of ordinary 
ing nearest to each successive hour of any one 
pecial times. The successive 24 hourly heights, 
sured on the tide-curve, are entered into this 
le, and when the encry is completed the heights 
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are found to be arranged in columns, which follow the 
special time-scale with a sufficiently good approxima- 
tion to accuracy. A different form of schedule is re- 
quired for each partial tide, and the entry of the 
numbers therein is still enormously laborious, although 
far less so than the re-partitions and re-moasurementa 
of the tide-curve would be. 

The operation of sorting the numbers into 
schedules has been carried out in various ways. 
In the work of the Indian Survey, the numbers have* 
been re-copied over and over again. In tho office of 
the United States Coast Survey use is made of certain 
card templates pierced with holes. These templates 
are laid on to the tabulation of the measurements of 
the tide-curve, and the numbers themselves are visible 
through the holes. On the surface of the templato 
lines are drawn from hole to hole, and these lines 
indicate the same grouping of the numborsasthatgiven 
by the Indian schedules. Dr. Bergen, of tho Imperial 
German Marine Observatory at Wilholmshavon, has 
used sheets of tracing paper to attain the samo end. 
The Indian procedure is unnecessarily laborious, and 
the American and German plans appear to have, some 
disadvantage in the fact that the numbers to bo added 
together lie diagonally across the page. 1 am assured 
by some professional computers that diagonal addition 
is easy to perform correctly; nevertheless this appciared 
to me to be so serious a drawback, that 1 (hwised 
another plan by which the numbers should ho brought 
into vertical columns, without the nec<issity of ixicopy- 
ing them. In my plan each day is treat<'d as a unit 
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and ia shiftini appropriately. It mi^ht Ih‘ tiiou^iit. 
tliat the. roKuItH of the grouping would hi^ coiisidcra.hly 
h'SH accurate than in the former inethodH, hut in fact 
there ia found to be no appreciable Iohh of accuracy. 

t have 74 narrow writing tabhitu of xylonite, 
divided by lines into 24 compartinontH ; the tablets are 
furnished with spikes on the uiuior siile, so that they 
can be fixed temporarily in any jioHition on an ordi- 
narydrawing-board. Tbecom[)artmcnts on each strip 
are, provided for tho entry of the 24 tidal luoasure- 
numts appertaining to each day. Kach strip is 
Htamped at its end with a number specifying the 
number of the day to which it is apjiropriatoil. 

The arrangement of these little tahlets, ho that the 
numbers written on them may i'all into colmmiH, is 
indicated liy a sheet of paper marked with a sort of 
staircase, which shows where eaidi tablet is to bo set 
<lown, with its spikes piercing tho guide-sheet. When 
the strips are in place, as shown in fig. BB, the 
numliers fall into 4H columns, numbered 0, 1, . . . 2B, 
O, 1, . . . 2B twice over. Tho giiide-slioet shown in 
tho iigure BB is tho one approjiriate for tho lunar 
Homidiurnal tide for tho foiirtli sot of 74 days of a 
yiiur of observation. The upper half of tlu! tabli'ts 
arc in position, huttlm lower ones are left immoimt(‘d, 
so as tho hettiw to show the 8tairc,a.se of murks. 

Then I say that the avoragi* of all the 74 
mnnbm-s standing under the two O’s combiued, will 
give till! averago Iieigbt of water at 0 hr, of lunar 
tinu>, and the average of the muuhorH luulm- I, that 
at 1 hr, of lunar time, and so forth. Thus, alter the 
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siripH iivi) pcp:go(l out, the computer lias only to add 
th(‘ tuuul)(?rB in eoltiums in order to lintl the a,vcruH(iB* 

1 herii other BheetBof paper marked for such (dilier 
re-a.rra,ipi;(‘uu‘ntB of the strips that each now s(3ttin^ 
om‘ of the required results; thus a single 
writings of ih(3 nunil)erB serves for the wliolo compiita- 
ium. It is usual to treat a wholeyuair of obHorva.tionB 
a( on(>. tiini% hut the hoard heingj adai)tod for 
takin*,^ only 71 siuicesBive days, five Hcudes of writings 
urt^ rt'tjuired for H70 days, which is just ovct a year. 
The, numlHa* 71 was chosen for simultaneous treat- 
ment, hiHaiuse 74 days is almost exacUy live semi- 
luuatioim, and accordingly there will alwa.yB he five 
Hpringdhles on record at once. 

hi orth‘r to guard tlu3 computer against the use of 
the wrong pnpivr with any set of strips, the guicle- 
h1hh4h f(»r the llrst set of 74 days are red ; for the 
stn-uiid tliey an‘ yidlow ; for the third green ; for the 
feurtii ldiu‘ ; fer the fifth violet, the colourB heing 
thoHi* of iht* rainhow. 

4’he prtqiaraiion of thcBo jiajicrs entailed a great 
deal of (ailculation in tlie first instance, hut the tidal 
i'omputer has nuaady to peg out the tablets in their 
right {datum, verifying that the numbers Btamped on 
i\m ends of the Htrijm agree with the numhers on the 
papf'r. 14 u 3 addition of the long columns of iigurcB 
i« iuirtainly laborious, hut it is a necessary incident 
of every method of reducing tidal observations* 

The result ut all the me4ho<ls is that for each 
{iMiiial tide we have a set of 24 numhers, which repre- 
;4«uit llm oHcilhifions of the sea due to the isolated 
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action of one of the ideal satellites, during the period 
embraced between two successive passages of that 
satellite to the south of the place of observation. 
The examination of each partial tide-wave gives its 
height, and the interval of time which elapses after 
its satellite has passed the meridian until it is high- 
water for that particular tide. The height and 
interval are the tidal constants for that particular tide, 
at the port of observation. 

The results of this ^ reduction of the observations ’ 
are contained in some fifteen or twenty pairs of tidal 
constants, and these numbers contain a complete 
record of the behaviour of the sea at the place in 
question. 

Authorities 

G. H. Darwin, Harmonic Analysis, &c . : ‘ Eeport to Brit. Assoc.,’ 
1883. 

G. H. Darwin, On an a^pjparatus for facilitating the reduction of 
tidal observations : ‘ Proceedings of tke Eoyal Society,’ vol. lii. 
1892. 
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CHAPTEE XIII 

TIDE -TABLES 

A TIDE-TABLE professes to tell, at a given place and 
on a given day, the time of high- and low-water, 
together with the height of the rise and the depth of 
the fall of the water, with reference to some standard 
mark on the shore. A perfect tide-table would tell 
the height of the water at every moment of the day, 
but such a table would be so bulky that it is usual 
to predict only the high- and low-waters. 

There are two kinds of tide-table, namely, those 
which give the heights and times of high- and low- 
water for each successive day of each year, and those 
which predict the high- and low- water only by reference 
to some conspicuous celestial phenomenon. Both 
sorts of tide-table refer only to the particular harbour 
for which they are prepared. 

The first kind contains definite forecasts for each 
day, and may be called a special tide- table. Such a 
table is expensive to calculate, and must be published 
a full year beforehand. Special tide-tables are pub- 
lished by all civilised countries for their most impor- 
tant harbours. I believe that the most extensive 
publications are those of the Indian G-overnment for 
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the Indian Ocean, and of the United States Govern- 
ment for the coasts of North America. The Indian 
tables contain predictions for about thirty-seven ports. 

The second kind of table, where the tide is given 
by reference to a celestial phenomenon, may be 
described as a general one. It is here necessary to 
refer to the Nautical Almanack for the time of 
occurrence of the celestial phenomenon, and a little 
simple calculation must then be made to obtain the 
prediction* The phenomenon to which the tide is 
usually referred is the passage of the moon across the 
meridian of the place of observation, and the table 
states that high- and low-water will occur so many 
hours after the moon’s passage, and that the water 
will stand at such and such a height. 

The moon, at her change, is close to the sun and 
crosses the meridian at noon; she would then be 
visible but for the sun’s brightness, and if she did 
not turn her dark side towards us. She again crosses 
the meridian invisibly at midnight. At full moon she 
is on the meridian, visibly at midnight, and invisibly 
at noon. At waxing half-moon she is visibly on the 
meridian at six at night, and at waning half -moon at 
six in the morning. The hour of the clock at which 
the moon passes the meridian is therefore in effect 
a statement of her phase. Accordingly the relative 
position of the sun and moon is directly involved in 
a statement of the tide as corresponding to a definite 
hour of the moon’s passage. A table founded on the 
time of the moon’s passage must therefore involve 
the principal lunar and solar semidiurnal tides. 
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At places where successive tides differ but little 
from one another, a simple table of this kind suffices 
for rough predictions. The curves marked Portsmouth 
in fig. 34 show graphically the interval after the 
moon's passage, and the height of high-water at that 
port, for all the hours of the moon’s passage. We 
have seen in Chapter X. that the tide in the North 
Atlantic is principally due to a wave propagated from 
the Southern Ocean. Since this wave takes a con- 
siderable time to travel from the Cape of Good Hope 
to England, the tide here depends, in great measure, 
on that generated in the south at a considerable time 
earlier. It has, therefore, been found better to refer 
the high-water to a transit of the moon which oc- 
curred before the immediately preceding one. The 
reader will observe that it is noted on the upper 
figure that 28 hrs. have been subtracted from the 
Portsmouth intervals ; that is to say, the intervals on 
the vertical scale marked 6, 7, 8 hours are, for Ports- 
mouth, to be interpreted as meaning 34, 35, 36 hours. 
These are the hours which elapse after any transit of 
the moon up to high-water. The horizontal scale is 
one of the times of moon’s transit and of phases of the 
moon ; the vertical scale in the lower figure is one of 
feet, and it shows the height to which the water will 
rise measured from a certain mark ashore. These 
Portsmouth curves do not extend beyond 12 o’clock 
of moon’s transit ; this is because there is hardly any 
diurnal inequality, and it is not necessary to differ- 
entiate the hours as either diurnal or nocturnal, the 
statement being equally true of either day or night. 
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Thus if the Portsmouth curves had been extended 
onward from 12 hrs. to 24 hrs. of the clock-time 
of the moon’s passage, the second halves of the curves 
would have been merely the duplicates of the first 
halves.1 

But the time of the moon’s passage leaves her 
angular distance from the equator and her linear 
distance from the earth indeterminate ; and since the 
variability of both of these has its influence on the 
tide, corrections are needed which add something to or 
subtract something from the tabular values of the 
interval and height, as dependent solely on the time of 
the moon’s passage. The sun also moves in a plane 
which is oblique to the equator, and so similar allow- 
ances must be made for the distance of the sun from 
the equator, and for the variability in his distance 
from the earth. In order to attain accuracy with a 
tide- table of this sort, eight or ten corrections are 
needed, and the use of the table becomes com- 
plicated. 

It is however possible by increasing the number 
of such figures or tables to introduce into them many 
of the corrections referred to ; and the use of a general 
tide-table then becomes comparatively simple. The 
sun occupies a definite position with reference to 

' Before tlie introduction of the harmonic analysis of the tides 
described in preceding chapters, tidal observations were ‘ reduced * 
by the construction of such figures as these, directly from^ the tidal 
observations. Every high-water was tabulated as appertaining to a 
particular phase of the moon, both as to its height and as to the 
iaterval between the moon’s transit and the occurrence of high-water. 
The average of a long series of observations may be represented in 
the form of curves by such figures as these. 
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the equator, and stands at a definite distance from the 
earth on each day of the year ; also the moon’s path 
amongst the stars does not differ very much from 
the sun’s. Accordingly a tide-table which states the 
interyal after the moon’s passage to high- or low- 
water and the height of the water on a given day of 
the year will directly involve the principal inequalities 
in the tides. As the sun moves slowly amongst the 
stars, a table applicable to a given day of the year is 
nearly correct for a short time before and after that 
date. If, then, a tide-table, stating the time and 
height of the water by reference to the moon’s passage, 
be computed for say every ten days of the year, it 
will be very nearly correct for five days before and 
for five days after the date for which it is calcu- 
lated. 

The curves marked Aden, March and June, in 
fig. 34, show the intervals and heights of tide, on 
the 15th of those months at that port, for all the 
hours of the moon’s passage. The curves are to be 
read in the same way as those for Portsmouth, but 
it is here necessary to distinguish the hours of the 
day from those of the night, and accordingly the clock- 
times of moon’s transit are numbered from 0 hr. at 
noon up to 24 hrs. at the next noon. The curves for 
March differ so much from those for June, that the 
corrections would be very large, if the tides were 
treated at Aden by a single pair of average curves as 
at Portsmouth. 

The law of the tides, as here shown graphically, 
may also be stated numerically, and the use of such a 
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table is easy. The process mil be best explained by 
an example, which happens to be retrospective instead 
of prophetic. It will involve that part of the complete 
table (or series of curves) for Aden which applies to 



Fig. 34. — Curves of Intervals and Heights at Portsmouth 
and at Aden 


the 15th of March of any year. Let it be required 
then to find the time and height of high-water on 
March 17, 1889. The Nautical Almanack for that 
year shows that on that day the moon passed the 
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meridian of Aden at eleven minutes past noon of Aden 
time, or in astronomical language at 0 hr. 11 mins. 
Now the table, or the figure of intervals, shows that 
if the moon had passed at 0 hr., or exactly at noon, the 
interval would have been 8 hrs. 9 mins., and that if 
she had passed at 0 hr. 20 mins., or 12.20 p.m. of the 
day, the interval would have been 7 hrs. 59 mins. But 
on March 17th the moon actually crossed at 0 hr. 11 
mins., very nearly half-way between noon and 20 mins, 
past noon. Hence the interval was half-way between 
8 hrs. 9 mins, and 7 hrs. 59 mins., so that it was 
8 hrs. 4 mins. Accordingly it was high-water 8 hrs. 
4 mins, after the moon crossed the meridian. But 
the moon crossed at 0 hr. 11 mins., therefore the 
high-water occurred at 8.15 p.m. 

Again the table of heights, or the figure, shows 
that on March 15th, if the moon crossed at 0 hr. 
0 min. the high-water would be 6*86 ft. above a 
certain mark ashore, and if she crossed at 0 hr. 
20 mins, the height would be 6*92 ft. But on 
March 17th the moon crossed half-way between 
0 hr. 0 min. and 0 hr. 20 mins., and therefore 
the height was half-way between 6*86 ft. and 6*92 ft., 
that is to say, it was 6*89 ft., or 6 ft. 11 in. We 
therefore conclude that on March 17, 1889, the sea 
at high-water rose to 6 ft. 11 in., at 8.15 p.m. I have 
no information as to the actual height and time of 
high-water on that day, but from the known accuracy 
of other predictions at Aden we may be sure that this 
agrees pretty nearly with actuality. The predictions 
derived from this table are markedly improved when 
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a correction, either additive or subtractive, is applied, 
to allow for the elliptic motion of the moon round the 
earth. On this particular occasion the moon stood 
rather nearer the earth than the average, and there- 
fore the correction to the height is additive ; the 
correction to the time also happens to be additive, 
although it could not be foreseen by general reasoning 
that this would be the case. The corrections for 
March 17, 1889, are found to add about 2 mins, to the 
time, bringing it to 8.17 p.m., and nearly two inches to 
the height, bringing it to 7 ft. 1 in. 

This sort of elaborate general tide-table has been, 
as yet, but little used. It is expensive to calculate, in 
the first instance, and it would occupy two or three 
pages of a book. The expense is, however, incurred 
once for all, and the table is available for all time, pro- 
vided that the tidal observations on which it is based 
have been good. A sea-captain arriving off his port of 
destination would not take five minutes to calculate 
the two or three tides he might require to know, and 
the information would often be of the greatest value 
to him. 

As things stand at present a ship sailing to most 
Chinese, Pacific, or Australian ports is only furnished 
with a statement, often subject to considerable error, 
that the high-water will occur at so many hours after 
the moon’s passage, and will rise so many feet. The 
average rise at springs and neaps is generally stated, 
but the law of the variability according to the phases 
of the moon is wanting. But this is not the most 
serious defect in the information, for it is frequently 
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noted that the tide is ‘ affected by diuriiiil in(!i[ualiiy," 
and this note is really a warniiif? to the navijoiinr 
that he cannot foretell the time of high-water within 
two or three hours of time, or tint height witliin 
several feet. 

Tables of the kind I have descrilKul would biuiish 
this extreme vagueness, but they are nnna* lilvoly 
to bo of service at ports of se<!ond rat<» iinporhuico 
than at the groat centres of tradti, b(«-auHtt at (lie 
latter it is worth while to compute full siieeial tidt;- 
tables for each year. 

It is unnecessary to comment on llie use of tables 
containing predictions for dofinitti days, since it 
merely entails reference to a book, as to a railway 
time-table. Such special tables are tindoubtodly tlio 
most convenient, but the number of ports which cati 
ever be deemed worthy of tlui great expenso incidental 
to their preparation must always be v(*ry limited. 


We must now consider the manntir in which tide- 
tables are calculated. It is Hupposed that careful 
observations have been made, and that the tidal 
constants, which state the laws governing the sevi'ral 
partial tides, have been accurately det(U-mim-«l by 
harmonic analysis. The analysis of tidal tibserva- 
tions consists in the dissection of the aggrt'gatt; tide- 
wave into its constituent partial waves, and prediction 
involves the recomposition or synthesis of thowi waves, 
in tho synthetic process care must be faktui that the 
partial waves shall bo recompoimdi il in their proper 
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relative positions, which are determined by the places 
of the moon and sun at the moment of time chosen 
for the commencement of prediction. 

The synthesis of partial waves may be best 
arranged in two stages. It has been shown in 
Chapter XL that the partial waves fall naturally into 
ihree groups, of which the third is practically in- 
significant. The first and second are the semi- 
diurnal and diurnal groups. The first process is to 
unite each group into a single wave. 

We will first consider the semidiurnal group. 
Let us now, for the moment, banish the tides from our 
minds, and imagine that there are two trains of 
waves travelling simultaneously along a straight 
canal. If either train existed by itself every wave 
would be exactly like all its brethren, both in height, 
length and period. Now suppose that the lengths 
and periods of the waves of the two co-existent trains 
do not differ much from one another, although their 
heights may differ widely. Then the resultant must 
be a single train of waves of lengths and periods 
intermediate between those of the constituent waves, 
but in one part of the canal the waves will be high, 
where the two sets of crests fall in the same place, 
whilst in another they will be low, where the hollow of 
the smaller constituent wave falls in with the crest of 
the larger. If only one part of the canal were visible 
to us, a train of waves would pass before us, whose 
heights would gradually vary, whilst their periods 
would change but little. 

In the same way two of the semidiurnal tide- 
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waves, when united by the addition of their separate 
displacements from the mean level, form a single 
wave of variable height, with a period still semi- 
diurnal, although slightly variable. But there is 
nothing in this process which limits the synthesis to 
two waves, and we may add a third and a fourth, finally 
obtaining a single semidiurnal wave, the height of 
which varies according to a very complex law, 

A similar synthesis is then applied to the second 
group of waves, so that we have a single variable 
wave of approximately diurnal period. The final sti'p 
consists in the union of the single semidiurnal wave 
with the single diurnal one into a resultant wave. 
When the diurnal wave is large, the resultant is 
found to undergo very great variability both in 
period and height. The principal variations in the 
relative positions of the partial tide-waves arc deter- 
mined by the phases of the moon and by the time of 
year, and there is, corresponding to each arrangement 
of the partial waves, a definite form for tho single 
resultant wave. The task of forming a geiu'i-al tide- 
table therefore consists in the determination of all 
the possible periods and heights of the resultant 
wave, and the tabulation of the heights and inter- 
vals after the moon’s passage of its high- and low- 
waters. 

I supposed formerly that the captain would himself 
calculate the tide he required from the gtaieral tide- 
table, but such calculation may be done befoiadiand 
for every day of a specified year, and tho result will 
be a special tide-table. There are about 1,400 high- 
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and low- waters in a year, so that the task is very 
laborious, and has to be repeated each year. 


It is however possible to compute a special tide- 
table by a different and far less laborious method. In 
this plan an ingenious mechanical device replaces the 
labour of the computer. The first suggestion for in- 
strumental prediction of tides was made, I think, by 
Sir William Thomson, now Lord Kelvin, in 1872. 
Mr, Edward Roberts bore an important part in the 
practical realisation of such a machine, and a tide-, 
predictor was constructed by Messrs. Lege for the 
Indian Government under his supervision. This is, 
as yet, the only complete instrument in existence. 
But others are said to be now in course of construc- 
tion for the Government of the United States and 
for that of France. The Indian machine cost so 
much and works so well, that it is a pity it should 
not be used to the full extent of its capacity. The 
Indian Government has of course the first claim on 
it, but the use of it is allowed to others on the pay- 
ment of a small fee. I believe that pending the con- 
struction of their own machine, the French authorities 
are obtaining the curves for certain tidal predictions 
from the instrument in London. 

Although the principle involved in the tide-pre- 
dicter is simple, yet the practical realisation of it is so 
complex that a picture of the whole machine would 
convey no idea of how it works. I shall therefore 
only illustrate it diagrammatically, in fig. 35, without 
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any pretension to scale or proportion. Tlut rciult i' 
must at first imagine that there are only two pnih-ys, 
namely, a. and b, so that the cord paHscH, from the 
fixed end f under a and over n, and ho onward to tin- 
pencil. The pulley b is fixed, and the pnlkiy a ran 
slide vertically up and down in a slot, wliieh in not. 
shown in the diagi-ain. If a inoveH vertically through 
any distance, the pencil must cUrarly move through 
double that distance, so that when v is higln‘Hi tin- 
pencil is lowest, and vice remi. 

The pencil touches a uniformly revolving th-um. 
covered with paper; thus if the pulh-y extanilr'S 
simple vertical oscillation, the pencil drawH a Himnln 
wave on the drum. Now the pulley is mounted on an 
inverted T-shaped frame, and a pin, fixerl in a crunk 
0, engages in the slit in the horizontal arm of lire 
T-piece. When the crank c revolves, the pulley x 
executes a simple vertical oscillation with a nuigo 
depending on the throw of the crank.'-* Tim ptwitioti 
of the pin is susceptible of adjuatnmnt on tho crank, 
so that its thro-w and the range of oscillaliou <»f the 
pulley can be sot to any ro(pnr(ui hmgUi of confHi- 
within definite limits determined by tluj kizo of tho 
apparatus. 

The drum is connected to the crank o ]>y a train 
of wheels, so that as the crank rotah's the drum also 
turns at some definitely proportional rahn If, for 
example, the crank revolves twice for one turn of tho 

'■* 1 now notice that the throw of the orank ti i« too Hiimll t« Imvi’ 
allowed the pencil to draw so large a wave iiit that «howii mi llio 
drum. But as this is a mere diagram, I have not thought it wot III 
while to redraw the whole. 
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drum, the pencil will draw a simple wave, with 
exactly two crests in one circumference of the drum. 
If one revolution of the drum represents a day, the 
graphical time-scale is 24 hoars to the circumference 
of the drum. If the throw of the crank be one inch, 
the pulley will oscillate with a total range of two inches, 
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and the pencil with a total range of four inches. Then 
taking two inches lengthwise on the drum to repre- 
sent a foot of water, the curve drawn by the pencil 
might be taken to represent the principal solar semi- 
diurnal tide, rising one foot above and falling one foot 
below the mean sea-level. 

I will now show how the machine is to be adjusted 
so as to give predictions. We will suppose that it is 
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known tlmt, at noon of tho firat tiny fur wltidi jirn- 
iliction iH roiiuirucl, tho solar tido will hIhihI at 1 ft . !♦ in. 
ahovo inotin Koa-lovol and that llio walor will hi> ris^iiiy. 
Thou tho Hoini-raiign of thin tiiio hoiii}^ oim foot, tin* 
liin is adjustod in tho crank at ono inch from tin* 
contro, 80 aH to make tho iioneil roi’k throti!'!i a toUil 
i'an"« of 4 iiuduiH, roiiroHcnthiK 2 ft. Tho ilrttm in 
now turned ko an to hriiift tlio noon-lino of its oir- 
cumfcnnice under the poneil, and the crunk in liintod 
HO that tho pojudl hIiuII ho H| inchoH trcproHoiitiiiK 
1 ft. 1) in. of wat(‘r) hclow thomidiUe of the drum, and 
HO that when the machine HtartH, the jimicil will hogiii 
to doHcend. The curve being drawn npHido-down, tho 
liotusil 18 Hot below tho middle lino boeaUHo the water 
is to bo above mean level, and it muHt liegin to 
deHoend beoauHO tho water is to aHccnd. Tho train 
of wheelH connecting the crank and drum ia tlum 
thrown into gear, and tho machiiio iH Htartcd ; it will 
then draw the Holar tide-curve, on the scale of ‘iinchim 
to tho foot, for all time. 

If tlio train of wIiooIh connecting tho crank In Uic 
drum wore to make the drum revolve once whilHt lhi< 
crank rcvolveH tiuioH, the curve vvmihl repreaent 

a lunar Homidiurnal title. The reawm of thia i« (fml 
l'S)l$227 iH tho ratio of 24 lirn. to 12 h. 2fi m. 1 I 
that iH to Ray of a day to a hmar half-day. Wc 
HuppoHo the cireumferenco of tho drum Htill to repre. 
went an onlinary day of 24 hourH, anti therebirc lh<> 
curve drawn by the pencil will have lunar Heini«litirintl 
periodicity, in order that thoHo ciirvoH nmy give 
prtKlictiouH of the future march of that title, (he 
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throw of the crank must be set to give the correct 
range, and its angular position must give the proper 
height at the moment of time chosen for beginning. 
When these adjustments are made the curve will 
represent that tide for all time. 

We have now shown that, by means of 
appropriate trains of wheels, the machine can be 
made to predict either the solar or the lunar tide ; 
but we have to explain the arrangement for com- 
bining them. If, still supposing there to be only the 
two pulleys a, b, the end f of the cord were moved 
up or down, its motion would be transmitted to the 
pencil, whether the crank c and pulley a were in 
motion or at rest; but if they were in motion, the 
pencil would add the motion of the end of the cord to 
that of the pulley. If then there be added another fixed 
pulley and another movable pulley a^ driven by a 
crank and T-piece (not shown in the diagram), the 
pencil will add together the movements of the two 
pulleys A and a'. There must now be two trains of 
wheels, one connecting a with the drum and the 
other for A^ If a single revolution of the drum 
causes the crank c to turn twice, whilst it makes the 
crank of rotate 1*93227 times, the f^urve drawn 
will represent the union of the principal solar and 
lunar semidiurnal tides. The trains of wheels 
requisite for transmitting motion from the drum 
to the two cranks in the proper proiaortions are 
complicated, but it is obviously only a matter of 
calculation to determine the numbers of the teeth in the 
several wheels in the trains. It is true that rigorous 
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iu'curftcy in not attainable, but tlio mfclnuusiu if* 
made ho nearly exaet that the error in the hiuu of tbc 
two tidoH would be barely Benaible even al'ler 
revolutioiiH of the drum. U is of course neces.sirv to 
w't the two crankH with their ]iro]u*r throws and at 
tludr proper anpiloH ho uh to draw a curve which Mhalt, 
from the noon of a given day, correspond to the <id<- 
at a given place. 

It must now be clear that we may add as niiuiy 
more movable pulleyH as wo like. When the motion 
of each pulh'y is governed hy an appropriate train of 
wheels, the movement of the pcmcil, in as far as if is 
determiiiedhy that pulley, corresponds to Ihetidi'due 
to one of our ideal Hatellites. The resnltnnt curve 
drawn on the drum is then the HynthoHis of all 
the partial tides, attd corresponds with tin* motion tif 
tile sea. 

The instrument of the Indian (iovermnent unites 
twonty-four partial tides. In order to trace a tide- 
curve, the throws of all the crattks are set so as to corre- 
spond with the known heights of the partial tides, and 
each crank is Hct at the proptsr angle to corrc'spond wit h 
the moment of timi' chosen for the heginning of the 
tide-table. It is not very difficult to set the crnnliM 
and pins correctly, although clone attention is of 
course necessary. The apparatus is then driven by 
tlu) fall of a weight, and the paper is fed atitomaticalh 
on to the drum and coiled off on to a second dnun, 
with the tide-curvo drawn m it. It is only necesHarv 
to sec that the paper runs on and off smoothly, and 
to write the date from time to tinm on the paper us 



Kiu 


I N 1) I AH TroE-PREl)ICTER 


217 ^ 


it. j)a,HHt‘s, in order to save future trouble in the identifi- 
i-ution of the da.yH. It takes about four hours to run 
tdT ilu^ tides for a year. 

The Indian (loverument sends home annually th(‘, 
la.t(^st revision of the tidal constants for thirty-stnxni 
ports in the Indian Ocean. Mr. Roberts sets tlu^ 
nuitdniu' for each port, so as to correspond with noon 
ot a futurt^ 1st of January, and then lets it run off a 
eomi)l(‘te tide-curve for a whole year. The curve is 
HuhH(i(|uently measured for the time and height of eacdi 
liigh- and low-water, and the printed tables are sold 
;it the, tuodcu’ate i)rice of 4 rupees. The publication 
is made HuOicieutly long beforehand to render the 
I ahU'S available for future voyages. Thc^se tide-tables 
iirt* ctndaitdy amongst the most admirable in the 
world. 


It is cluiracteristic of England tliat the inacliine is 
not, as I helicn'c*., uk(k 1 for any of the home ports, and 
iuily for a hnv in the colonies. The neglect of the 
Mngiish atithoriLit‘S is not, liowever, so unreasonable 
as it might appc^ar to be. The tides at Englisli ports 
are remarkably simple, because the diurnal iiuMpuality 
is practically ahscmt. The applical)ility of tlie older 
nud-hods of prtuliction, by means of such curves as 
tduit for Portsmouth in fig. B4, is accordingly ('-asy, 
and the various corrections are well detonniiuHl. Tlu^ 
ujuthnudJcal processes are therefore not very compli- 
(uit(‘d, and ordinary computers are cai;)al)le of pre- 
paring the tahlesH with but little skilled supervision. 
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Still it is to be regretted that this bo.autiful husinnmait 
should not be more used for the home a,u<l (^olpniai 
ports. 

The excellent tide-tables of the (iovcaimuait of 
the United States have hitherto beaui pn^jia-rtal by 
the aid of a miichiue of quite a diUVrcut clatiatcita*, 
the invention of the late rrofessor Ftirrid, Tliis 
apparatus virtually carries out that procH'Hs of com- 
pounding all the waves together into a singlt^ oiU‘, 
which I have described as being done> l)y a computer* 
for the formation of a general tide-table. It only 
registers, however, the time and height of tlu» maxima 
and minima— tlie high- and low-wat(u>’. 1 do not 
think it necessary to descril)e its principle in dcdail, 
because it will shortly be Bupcrsedc.d l)y a machine 
like, but not identical with, that of tlu^ Indian (Jovern- 
ment. 

AlTTHOlUTIES 

(1. H. Darwin, On Tidal PreiUction, CPhilo«o|)hleiil Traiisae* 
tionB of the lioyal Society,’ A. IBOl, pp. 15«-22ih 

In. the example of the nse of a general title-table at Athm, given 
in this chapter, the datum from which tln^ height is ineannred Is 
0’S7 ft. higher than that used in tlia Indian 1’id(<4ahlt*h ; ac<*ordingly 
4| inches must be added to the height, in order to bring it Into 
accordance with the oillcial table. 

Sir William Thomson, Tidal TuHtrimentH, an<l tin* suhnetiuent 
discussion. * Institute of Civil EngitieerH,’ vol. Ixv. 

William Ferred, JkHcription of a Majrima and Minima Tbk^ 
predicting Machine. United States Coast Survey,’ IHgy. 
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CHAPTEE XIV 

THE DECmBE OP ACOUR.VCV OP TIDAL PREDICTION 

The success of tidal predictions varies much according 
to the place of observation. They are not unfrequently 
considerably in error in our latitude, and throughout 
those regions called by sailors ‘ the roaring forties.’ 
The utmost that can be expected of a tide-table is that 
it shall be correct in calm weather and with a steady 
barometer. But such conditions are practically non- 
existent, and in the North Atlantic the great variability 
in the meteorological elements renders tidal predic- 
tion somewhat uncertain. 

The sea generally stands higher when the 
barometer is low, and lower when the barometer is 
high, an inch of mercury corresponding to rather 
more than a foot of water. The pressure of the air 
on the sea in fact depresses it in those places where 
the barometer is high, and allows it to rise where the 
opposite condition prevails. 

Then again a landward wind usually raises the 
sea-level, and in estuaries the rise is sometimes very 
great. There is a known instance when the Thames 
at Ldndon was raised by five feet in a strong gale. 
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Even on the open coaHt tlie efTeet of wind is Kontciintrs 
great. A diHaHtrous e.xampli! of this whh alTiH-ilnl .m 
the east couHt of England in the autumn of IsnT, 
when the conjunction of a gale with spring-tide causfil 
the sea to do an onornums amount of danuigi'. hy 
breaking onibankinents and llooding low-lying land. 

But sometimes the wind ha.s no apparent effect, 
and wo. must then suppose that it had been bbnving 
previously elsewluu’e in sucli a way as to di-press 
the water at the point at whicdi we watch it. 'I’he 
gale might then only restore the water to its normal 
level, and the two cdfects might mask one another. 
The length of time during which tins wind has lasted 
is clearly an important factor, becauKo tins curreiitK 
generated by the wind must be more elTiadivct isi 
raising or deprossing the Boa-level the longer they 
have lasted. 

It does not then seem possible to formulate any 
certain system of allowance for barometric pressure 
and wind. There are, at each harbour, certain rules 
of probability, the application of which will gem<rally 
lead to improvement in the prediction ; but ocM-asimn 
ally such empirical corrections will he fouml to 
augment the error. 

But notwithstanding these! perturhations, gtHtd 
tide-tables are usually of surprising accuracy even in 
northern latitudes ; this may las w-en from the 
following table showing the results of couiparisuu ; 
between prediction and actuality at I’ortKuiouth. 'I'lu- 
importance of the errors in height depends of emirw! 
(.in the range of tide; it is therefore wtdl to imte that 
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the average ranges of tide at springs and neaps are 
13 ft. 9 in. and 7 ft. 9 in. respectively. 


Table of Ebroks in the Prediction op High-Water at Ports- 
mouth IN THE Months op January, May, and September, 1897 


Time 1 

Height 

Magnitude of error 

Number of oases I 

Magnitude of error 

Number of cases 



Inches 


0"’ to 5"' 

G9 ’ 

0 to 6 

89 

6“' to 10"V 

50 

7 to 12 

58 

to 15 ^ 

25 ■ 

13 to 18 

24 

16”‘ to 20-« 

10 

19 to 24 

6 

21"' to 25“‘ 

11 


— 

2()«' to 80'« 

7 


— 

31»‘ to 35'“ 

4 

... 

— 

52'“ 

1 1 

— 

— 

— 

177 1 

1 

— 

1 177 


Errors in Height for the Year 1892, 

EXCEPTING PART OF JuLY 


Magnitude of error 

Number of cases 

Indies 

0 to 6 

381 

7 to 12 

228 

13 to 18 

52 

19 to 24 

.. 3 

31 

1 

— 

670 


N.B. — The comparison seems to indicate that these predictions 
might be much improved, because the predicted height is nearly 
always above the observed height, and because the diurnal inequality 
has not been taken into account sufficiently, if at all. 


In tropical regions the weather is very uniform, 
and in many places the ‘ meteorological tides ’ pro- 
duced by the regularly periodic variations of wind 
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and barometric pressure are taken into jn-fitunt in 
tidal predictiouH. 

The apparent irregularity of the tidea at AiU-n in 
80 great, that an officer of the Uoytil Miiftiimerh ha.'; 
told lue that, when he was Htatiomul (hiTc iinmy \car.. 
ago, it wiiH commonly believed that the. htrmige in- 
(MlualiticH of water-level were due to tlie wind at 
distant places. We now know, that the tide at A«ieu 
is in fact marvolkmsly regular, although tlie rule 
according to which it proceeds is very eomples. in 
almost every month in the year Ihero an- a few 
successive days when there is only one liigh- 
water and one low-w’ater in tho 2 1 hours ; and the 
water often remains almost stagnant for lliruo or 
four hours at a time. This apparent irregularity is 
due to the diurnal inoijuality, which is very great at 
Aden, whereas on the coasts of Kurope it is iiisig- 
nificant. 

I happen to have a comparison with actuality of 
a few predictions of high-water at Aden, wluTo the 
maximum range of the tide is ahout h ft. (i in. They 
embrace the periods from March iO to April D, niul 
again from November 12 to December 12, IHK I. !n 
these two periods there were IIH high-wiiters, hiii 
through an accident to the tide-gauge one high-water 
was not registered. On one occiHion, when lla 
regular semidiurnal 8e<iuence of the title would leml 
us to expect high-water, there oecum*d one of those 
periods of stagnation to which I have rtdcrretl. 'rjiuw 
we are loft with 116 cases of comparison btdweeii tlm 
predicted and actual high-waters. 
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The results are exhibited in the following table : 


Time 

Height 

Magnitude 

. Number of 

Magnitude 

Number of 

of errors 

liigh-waters 

of errors 

high-waters 



Inches 


Qm ^0 6“ 

35 

0 

15 

5"^ to 10™ 

32 

1 

48 

10™ to 15™ 

19 

2 

28 

15™ to 20™ 

19 

3 

14 

20™ to 25™ 

5 

4 

11 

26™ and 28™ 

2 

No high-water 

1 

33™ and 36™ 

2 



— 

56™ and 57™ 

2 

— 

— 

No high-water 

1 

— 

— 


117 


117 


It would be natural to think that when the 
prediction is erroneous by as much as 57 minutes, it 
is a very bad one ; but I shall show that this would 
be to do injustice to the table. On several of the 
occasions comprised in this list the water was very* 
nearly stagnant. Now if the w^ater only rises about 
a' foot from low- to high-water in the course of four 
or five hours, it is almost impossible to say with 
accuracy when it was highest, and two observers 
might differ in their estimate by half an hour or even 
by an hour. 

In the table of comparison there are 11 cases in 
which the error of time is equal to or greater than 20 
minutes, and I have examined these cases in order 
to see whether the water was then nearly stagnant. 
A measure of the degree of stagnation is afforded by 
the amount of the rise from low-water to high-water, 
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or of tlio fall from high-water to low-wali r. I'lir 
following table gives a classiflcation of Uu; m’rors of 
time according to the rise or fall. 

AnaIA’SIH of Kuhoiw m 'flMF 

IhtUKt'H tVoin h)vv»wiit«'^r i .u..*, 

to 

mi 

(> in. to H in 
IB in. 

17 in. 
ll> in, 

2 ft, IB in. 

B ft. 1) in. 

B ft. 11 in. 

There are then only three cascH when the riHo of 
water was coriHidorable, and in the greatest «if tiieni, 
it was only B ft. 11 in. 

If we deduct all the tides in which tlm range 
between low- and high-water was etjual to or h*HH 
han 1!) inches, we are loft with IDH jiredictioiiK, itinl 
in those cases the greatest error in tinm is SiB initis. 
In H(> cases the error is equal or loss than a tiuarlcr 
of an hour. This leaves 22 cases where the error wio* 
greater than 16 mins, made up as follows: IK eases 
with error greater than 16 mins, and less than 2D 
mins, and three cases with errors of 2D in., 22 in , 
2B in. Thus in 100 out of 108 predictions the err-ir 
of time was ecpial or loss than 20 minutes. 

Two independent measurements of a f.id<‘-eu«ae, 
for the determination of the time of high water, lea, I 
to results which frequently differ by five ininut<*H, and 
.sometimes by ten minutes. It may therefore la* 


aa, as, as, /iii. n. mimae-i 

B(l miinitFfi 
22 

M I 
22 
2B 
2(^ 
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claimed tliat tliese iiredlctions have a very high 
imh t of accuracy as regards time. 

Turning now to theheightSt out of IK! predictions 
tlu^, error in the predicted height was (ujual or Iobh than 
‘i imdies in hi cases, it amounted to S inches in 11 
cHHos, and in the remaining 11 ease's it was 4 iiu'lu's. 
It thus appears that, as regards tlu^ heught of tlu' tidt^ 
also, the pri'dictions are of great accuracy. This short 
series of comparisonH eifords a not unduly fa/Vour- 
able examples of the remarkable success attainable, 
where tidal observation and prediction havc^ been 
thoroughly carrit'd out at a place subject to only slight 
meteorological disturbance. 

If (uir tlieory of tidim were incorrect, so that wa 
imagined that tliere was a partial tide-wave of a 
certain i)ta'i()d, wIuuhmib in fact such a< wave has no 
true counterpart in physical causation, tlu^ reduction 
of a year of tidal observation would undoubtedly 
assign some definite small height, and some didinitti 
retardation of tlui high-water aft(U^ the passage of tlicj 
corresponding, hut erroneous, satellite. Ihit when a 
second seric's of observations is reduced, tlu' two tidal 
constants would show no relationship totluur jireviouB 
<n^aluationH. If tluui reductions carriial out ycuir afUu* 
year assign, as they do, fairly consistent vahu'.s to 
the tidal constants, we may feel confident that Inu' 
physical causadion is involved, evcui wluui the lu'ights 
of somc5 of the? constituent tide-waves do not (?xc<'<‘<I 
an ineh or two. 

hrc'diciicm must inevitably fail, unh'ss wc*, luive, 
lighU‘d on tlu? iruee4UiBes of the phenomena ; Himnm 

q 
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is therefore a guarantee of the truth of tlu* fhi-Mry. 
When we consider that the ineessant viiriafality of 
the tidal forces, the complex outlimw of our roiist'^. 
the depth of the sea and the earth's ndation err all 
involved, we should regard good tidal pn'dictioii 
one of the greatest triumphs of tlie iluauy of uuivor-al 
gravitation. 

AllTlltmXTIKH 

Tlui PortHmouth oompanHonn wora givt^n ttj tin* iaithnr Ij>' 
Hydrograpluir of t,lio Admiralty, Admiral Sir W, d, 

(Jc, II. biirwin, Tidal ‘ Phil* Triuii. H*h%/ A. IrtiiL 
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CHAPTEE XV 

chandler’s nutation — THE RIGIDITY OF THE EARTH 

In the present chapter I have to explain the origin of 
a tide of an entirely different character from any of 
those considered hitherto. It may fairly be described 
as a true tide, although it is not due to the attrac- 
tion of either the sun or the moon. 

We have all spun a top, and have seen it, as boys 
say, go to sleep. At first it nods a little, but gradually 
it settles doTO to perfect steadiness. Now the earth 
may be likened to a top, and it also may either have 
a nutational or nodding motion, or it may spin 
steadily ; it is only by observation that we can decide 
whether it is nodding or sound asleep. 

The equator must now be defined as a plane 
through the earth’s centre at right angles to the axis 
of rotation, and not as a jfiane fixed with reference to 
the solid earth. The latitude of any place is the 
angle between the equator and a line drawn from the 
centre of the earth to the place of observation.^ Now 
when the earth nutates, the axis of rotation shifts, 

^ This angle is technically called the geocentric latitude ; the 
distinction between true and geocentric latitude is immaterial in the 
present discussion. 
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and its extremity descrilwH a Hinall cimlc rmnul tiu' 
spot which is usually descrihod as tlu> jioh*. Tltf 
equator, being perpendicular to the axis (»f rolnlioii. nf 
course shifts also, and tliereforo tlu‘ lalitiuio of a 
place fixed on the solid earth varies. Dtiriiu^ the 
whole course of the nutation, the i'arth’s axis of 
rotation is always directed towards the Haiao point in 
the heaveirs, and therefore the angle between the 
celestial pole and the vortical or plumh-line at the 
place of observation must oscillate about houio nieiiii 
value; the period of the oscillati<ni in that of the 
earth’s nutation. This movenusnt is called a ‘ fr<'« ' 
nutation, because it is independent of the action of 
external forces. 

There are, besides, other nutations resulting from 
the attractions of the moon and sun on the protulst- 
rant matter at the equator, and from the sauitt eau»« 
there is a slow shift in space of the earth's axis, called 
the Precession. Those moveiueutB are said to he 
‘ forced,’ because they are due to extonial forces. Tim 
measurements of the forced nutations and of tlm 
Precession afford the means of determining the 
period of the free nutation, if it should exist. It 
has thus been concluded that if there is any variation 
in the latitude, it should be periodic in HOb duys ; but 
only observation can decide whether there is sncli a 
variation of latitude or not. 

Until recently astronomers were so convinced of 
the sufficiency of this reasoning, that, wheji they nnnlti 
systematic examination of the latitudcH of many 
observatories, they always searched for an inwpiaUty 
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with a pt^ritni o! :H)5 clayn. Botiie thoiiKl^t that they 
had cl(d.tmted it, hut when the olmc^rvatieiiH extended 
im^Y long iHU’iodH, it ahvaya seamed to vanish, an though 
what ilu*y luad observed \wm dm to the inevitable 
errors of ohsc^rvation* At length it occurred to Mr. 
Chandler to examine tlu^ olmarvations of latitude 
without any prc^pcmscmsion as to the period of the 
iiuupiality. By the treatment of enormous masses of 
<d>s<5rvation, he came to the eonclusiou that there is 
really Biu*h an ine({uality, hut that thc3 pcadod is 427 
days instead of h05 days. He also found other 
inecjualitieB in the motion of the axis of rotation, of 
somewhat ohseun^ f)rigin, and of which 1 have no 
occasion to say more.'*^ 

The ([uemtion tluui arises as to how the thcjory can 
be so amended as to justify tlu! (.‘xtcuision of the period 
of nutation. It was, I htslicwcs N<iW(U)ml), of the 
United Htates Naval Observatory, who first suggested 
that the (explanation is to he sought in the fact 
that the axis of rotation is an axis of centrifugal 
repulsicm, and that when it sliiftH, tlie distribution 
of centrifugal for(U', is (dianged with ref(?rence to 
llu'. solid earth, so that the (mrth is put into a 
stuh^ (d strtms, to whicdi it must yield like any other 
(hiatic body. Tin* strain or yu^lding consc^ciuenl on 
this stnmH must be such as to produtui a slight vari- 
ahilify in Ihc^ position of the cijuatorial protuberancci 

Tlu'y nrt^ ci^rhapH dui' to tho uiuaitiftl inoltiiig c»f polar i<’.o an 
untHpial rainfall in juiocoHmvn ytiaru. ^riiOHo iiTOMJular variaiionn in 
tha latitude* ata* mmh that «omo aatronomorH ant ntill Hooptutal an to 
the* n'fiHty of OhfUullor'H nutatioiH and think that it will emduipa h« 
fmmd to Imn ik n^gularly idiythinkal clmmt?fecr In tliu futurtu 
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with roferonco to places fixed on the t'lirfh. Now 
the period of !U)5 days was computed on (ho 
thesis that the position of tlie equatorial protu- 
herance. is absolutoly invariabh', but perioiHe vuri:i- 
tiuiiH of tlio oarth’s figure would op(<ratt! so ;is (<» 
leiigthou the period of the free nutation, to an exl' in 
dependent on the average clastudty of tlie whole enilh. 

Mr. Chandler’s investigation demanded tlu' ut ino.-l 
patience and skill in inarBlialling large umsses of (he 
most rc'iined astronoinical observations. His con- 
(dusions are not only of the greati-st importniiee to 
astronomy, but they also give an iinlieation of the 
amotint by which the solid earth is eapahh* of yielding 
to external forces. It would seem that the avemgo 
stiffness of tlie whole earth must he such I hat it yields 
a little less than if it were made of steel.® But 
the amount hy which tho surface yields remains 
unknown, because we are unable to say what pro* 
portion of tho aggregate change is superlieia! ami 
what is deep-seated. It is, however, certain that the 
movements are excessively small, because (he eircle 
described hy the c.xtremity of the earth’s axis of 
rotation, about tho point on tho <iarih wlue.li we eall 
the pole, has a radius of only fifteen feel. 

It is easily intelligihlo that as the axis of rfitaliou 
shifts in tho earth, tho oceans will tend to swasli about, 
and that a sort of tido will bo generated. If (he 
displacement of the axis wore couHiik*riibh% whuh’ 
continents would bo drowned by a gigantic wave, but 

• Mr, B. S. Hmisb. l'- ((((S of fh® paper rtifomul ti* in the It tl ef 
authoritieH at tho end ol tho ohapter. 
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tlui inovwiunil Ik ro Binall that the airaying of the 
(Hioan is very fcehlo. Two investigators have endea- 
voured 1.0 di't(!C!t an oc<«inie tide with a period of 427 
days; tluiy anj Dr. Dakhuyzen of Leyden and Mr, 
Dhristie of the United Htates Coast Survey. The 
fonnc.r conHidenal oliKorvations of sea-level on the 
cnaHlH of liolland, the latter those on the coasts of 
the United StatoH ; and they both conclude that the 
8(>a-level undcsrgoes a minute variability with a period 
ctf about dlU) days. A Himilar investigation is now 
hfdng prosecuted hy tlie Tidal Survey of India, and as 
tiu* Indian tidal ohservations are amongst the best 
in the world, wo may hope for the detection of this 
minute tide in the Indian Ocean also. 

The incHiuality in water-level is so slight and 
osttiiids ()V(!r so long a period that its measurement 
cannot yet he accepttul as certain, Tlie mean level 
of the H(>a is subject to slight irregular variations, 
which are probably duo to unetiual rainfall and un- 
(‘((ual uudling of polar ice in successive years. But 
whatever he the origiti of these irregularities they 
exceed in magnitiuhs the one to ho measured. The 
arithmetical processes, employed to eliminate the 
ordinary tidos and the irregular variability, will 
al\va,yH leave behind sumo residual quantities, and 
(hiTi'fore the ((Xiunitiaiion of a tidal rcicord will always 
appar(iid,ly yield an iiu'quality of any arbitrary period 
whaltsver. It is only when several independent 
(li'terminn.tions yicdd fairly couHistent values of the 
iiiagnitaHlo of (.he rises and fall and of the moment 
of high-water, that wo can feel confidence in the resu t, 
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Now although the reductioiiH of Halvlmyzoii iuhI 
Chriatie are fairly consistent with om* another, ainl 
with the time and height suggested by (’hatidlrr'H 
mutation, yet it is by no rnoans inipohsible that 
accident may have led to this agreement. The whnli- 
calculation must theroforo las reiM'uied for wvei'.il 
places and at several tirnos, before eonlblenee can !«• 
attained in the detection of this lalitudinnl tidi'. 


The prolongation of thopc^riod of Chandler's nuta- 
tion from 805 to 427 days seems to indieaht that <uir 
planet yields to external foreos, and we naturally 
desire to learn more on so interesting a snhjeet. Up 
to fifty years ago it was gonorally held that the itartli 
was a globe of molten matter covered by a Ihin crust- 
The ejection of lava from voleaius’s and the great 
increase of temperature in mines sc-emed to present 
evidence in favour of this belief. Hut the geologists 
and physicists of that time seemed nut to have per- 
ceived that the inference might he falsi', if great 
pressure is capable of imparting rigidity to matter at 
a very high tmuperalure, hecausu tlie intc-rior of the 
earth might then bo solid although very hot. Now 
it has boon proved experimentally that reek expaielH 
in molting, and Oi physical corollary from this in that 
when rock is under great pressure a higher h'mperature 
18 needed to melt it than when the jirt'SHure i.M 
removed. The pressure inside the earth much excerdn 
any that can be produced in the luhoratury, amt if is 
uncertain up to what degree of increase of prosHure 
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the law of the rise of the temperature of melting 
would hold good ; but there can be no doubt that, in so 
far as experiments in the laboratory can . be deemed 
applicable to the conditions prevailing in the interior 
of the earth, they tend to show that the matter there 
is not improbably solid. 

But Lord Kelvin reinforces this argument from 
another point of view. Eock in the solid condition is 
undoubtedly heavier than when it is molten. Now 
the solidified crust on the surface of a molten planet 
must have been fractured many times during the 
history of the planet, and the fragments would sink 
through the liquid, and thus build up a solid nucleus. 
It will be observed that this argument does not repose 
on the rise in the melting temperature of rock through 
pressure, although it is undoubtedly reinforced thereby. 

Hopkins was, I think, the first to adduce argu- 
ments of weight in favour of the earth’s solidity. 
He examined the laws of the precession and nutation 
of a rigid shell enclosing liquid, and found that the 
motion of such a system would differ to a marked 
degree from that of the earth. From this he con- 
cluded that the interior of the earth was not liquid. 

Lord Kelvin has pointed out that although 
Hopkins’s investigation is by no means complete, yet 
as he was the first to show that the motion of the earth 
as a whole affords indications of the condition of the 
interior, an important share in the discovery of the 
solidity of the earth should be assigned to him. Lord 
Kelvin then resumed Hopkins’s work, and showed that 
if the liquid interior of the planet were enclosed in an 
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imyioldinf; crust, a very slight (iepaiiurc fniui 
splicricity in the slioll would render the iiiatiuii of (he 
systoni idruost idontujal with that ofa. globe wiHd froiis 
(uiutro to surface, altliougli this woulil iiof, he ilie ra-e 
with the luoro rapid nutations. A yi‘t more ini. 
portant dolicioncy in Uopkins's invest igiil ion is ihaf 
ho did not consider that, unless the crust were more 
rigid tlian tho stilTost steel, it would yield to the 
surging of the iinprisonod Iit|uiil as freely as india- 
rubber ; and, bcsid(‘s, that if tho crust yieldi il freely, 
the procossion and nutations of tho whole mass would 
hardly bo distinguishable from Ihose of a solid globe. 
Hopkins’s ai-guini'iit, as thus amendiKl hy Lord Kidvin, 
leads to one of two alternatives: either the globe is 
solid throughout, or else tho crust yields with iieiirly 
the same freedom to external forces as though it wero 
liquid. 

We have now to show that the latter liypothi'sis 
is negatived by otlior considerations. 'I’hii oceanic 
tides, as wo porcoivo them, consist in a motion of the 
water relatively to tho land. Now if the solid ('urth 
were to yield to tho tidal forces with lliu same froe«iom 
as the superjacent sea, the cause for the relative 
movement of the sea would disappear. And if the 
solid yielded to Home extent, tho apparent ocemuc 
tide would ho iiroportionately dimiiiishcd, 'I’lie' very 
existence of tides in tho sea, thortiforo, proves at least 
that tho land does not yield with perfect freedom. 

Lord Kelvin has shown that tho oceanic tides, «m 
a globe of the same rigidity as that of glass, wtuUil 
only have an apparent range of two-lifths of ihose on 
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a }H*rtVrlly rigid glala^ ; whilst, if tho rigidity wan 

<‘f|ual tt> that of Hiotd, tha fraction <d diminution 
would Ih* iwo4hird8. 1 havo mysolf c\to,nd(‘d liin 
argiuncnt to tho hypothoHis that tlu^ earth may Ix^ 
(.anupostnl of a visccuiH material, wliich ylidds slowly 
under tho applicatitui of c<mtiiuiouH force, s, and also 
to tho hyped lu-HiH of a matmdal which nhan^H tlu^ pro- 
pert i(*H of viHcosity and rigidity, atid havci Ihuuh led to 
aualogoUH conclunionH. 

Tho difliculty of tho prohloni of (Ha’aiiic t»d(m is ho 
grcnit that canmdi say how high tho tid(‘H would 
he, if tho (xirth wo,ri* ahnedutedy rigid, hut Lord Kelvin 
in of opinhui that they certainly would not he twice 
an groat as tiny are, and concliuloB that the earth 
possesseH a greater average HtilTnosH tlian that of 
glass, although ptudiaps not gr<‘atc!r tlian that of steeh 
It is propiu' to add that the valitiity of tlus argument 
dtspemls prineipally on the observed height of an 
imnjuality of Hea-li*V(d wdth a period of a fortnight* 
This is one of the partial tides of t!u^ thirtl kind, 
whieh I <U‘serihed in (’InipU^r XL as practically 
uuimpiu’tani, and did not thscusH in (hdaih 
value of ilns im‘quaHty in tht‘, pn^stmt argumcmt is 
due to th(^ fac’t that it is possihle to form a mucdi 
eIosi*r i’stinuite <d' its juagnitudo on a rigitl eartli 
than in tln^ case of the semidiurnal and diurnal tides* 


It may ultimately l>e possible to (huuve furtluvr 
indu*atLns enmauming tlu^ physical condition of tln^ 
insiihi of the earth from the science of wusuiology* 
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The tremor of an t>artln|imko iiiw froijui taly lai n 
ol)Hervtsd iiiHtnimefitulIy at mi cjionuotix ilintjirn'o 
froEi ita orif’in ; ae for example w!ii«it flio h!iim>I» of a 
Japaiu'HO (iartluiuako ia pcrceivi ii in Ihiyliuni. 

TIio viliratioim which are tmiiHinilteii ihroiij»h fh«* 
earth are of two kiiitiK. The lirnt Kort. of wiu i' in on«« 
in which the matter through which if piiMwen in 
alternately comprcHHctl ami dilated : it. may Ik* 
descrihod an a wave of (HtnipreHnion. In the Mccon*! 
sort tins shape of each minute portion of the solid is 
distorted hut the vohum' renminH nnelmnged, and it 
may be called a wavi* of distortion, 'rhese two vihrii* 
tions travel at dilferent speeds, and the eomproHsional 
wave outpaces the distortional one. Now the first sign 
of a distant earthipuike is that the inHirmnentalrmjird 
shows a succession of minute tremors. Thene are 
supposed to 1)0 duo to waves of conipreHsi«*n, and they 
are succeeded hy a liiuch more strongly marked dia* 
turbanee, which however only iastM a short time. 
This second phase in the instrumental record is 
suppoHod to he duo to the wave of distortion. 

If the natures of these two distiirhanccM urn 
corroetly ascribed to their respective sources, it is 
certain that the matter through which the vibration 
has passed was solid. For although ii compr«<»«ioiiai 
wavo might ho transmitted, without iiiiirh fwH Ilf 
intensity, from a solid to a liquid and hack again to a 
solid, as would havu to bo tho case if l.he interior of 
the earth is molten, yet this cannot he j.rm» of the 
distortional wave. It has betm aiipposed that vil.ia- 
tions due to lairthquakea iMtsa in a stmight liim 
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throui^^h th(* aarth ; if than thin could hi^ provcth wa 
Hhotild kiu>\v with certainty that the earth in nalid, at 
least far down towaA’da its centre* 

Although there are ntill Home - priiu’ipally 
am{>n‘,^st thi‘ ^e<>h)giHtH -who helieva in tlu* exinUuna^ 
of liquid uuiiter immediately under th(». Holid erunt <d’ 
tlHm‘.nrth;* Ytd, ilumir^umentH whie.h I have nlodehed 
a.piH‘ar to must men of Bckmcjo eoneluaivo againHt siudi 
htdief* 
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CHAPTER XVI ' 

TIDAL FKlDTUm 

Tub factitliat the earth, themoiin and the jilumdn are 
all nearly spherieal proves that in early tinieH they 
were molten and plastic, and aHHUined their j»re»ent 
round shape under the infhuaice of griivitulion. 
When the matorial of which any planet in formed wiw 
semi-liquid throuf'h heat, its Batolliten, or at any rate 
the sun, must have produced tidal (mcMllaliotiH in the 
molten rock, just as tlic sun and moon lutw 
the tides in our oceans. 

Molten rook and molten iron are rather sticky or 
viscous substances, and any inovomcnt wliicli agitiiti'H 
them must bo subject to much friction. Kvon water, 
which is a very good lubricant, is not ontiridy fri*o 
from friction, and so our present oceanic tides must 
be influenced by fluid friction, although to a far low 
extent than tho molten solid just rnforrwl to. Nt*w, 
all moving systems which are subject to friclion 
gradually come to'rest. A train will run a l«mg way 
when tho steam is turned off, but it Htofw at lust, and 

> A coiiHidorabk portion ot thii and of Ihtt Hucci'iKliDM clmplrr 
appoarod tta an artiole in Atlantic Montlilu Mmtmm tor Awit 
1S98. 
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a will eontiinie to spin for only n, liniilocl 

tiiua. This law renrtiWH it eortain tlnit tho 

frietion of tho tido, wiiother it eoiiBiBtH in tho Bwaying 
of molttai lava or of an ocean, inunt \m rtT4irtling tin* 
roiiitioii of th(^ planet, or at any rate retarding 
the motion of tln^ Hyntcnn in Bome way. 

It in the friction upon itB In^aringH which hringn a 
tly-whcid to rent ; hut an the (‘arth has m) hea-ringn, 
it iH not (*HHy to nee how tins friction of thc^. tidal wavc^, 
whether c<u*poreal or oceanic, can tend to atop itn rah', 
of rotation. Tlio reHult inunt clt'arly las brought 
about, in boiuc way, by the interaction ladwf'en the 
moon and the (‘artlu Action and naudioii muHl he 
tHpial ami oppoaite, and if we are cornn't in HuppoHing 
tliat tlie frietion of the tides is ri'.tarding tlu^ earth’s 
rotation, there must he a reaction upon the moon 
which imiet tend to hurry her onwards. To give a 
homely illustnition oi the efTtads of lauiclion, I may 
recall to mind how a man riditig a high bicycle, on 
applying the brake too suddenly, wa<H thrown over thc^ 
handk^H. Tlu^ desired action was to stop tlie front 
whoel, hut this could not he done without tluj 
reaction on the rider, wlikdi sometitneH k'il to un» 
pleasant (*onBtH[uenc(m. 

The general ccumlusion as to the action and re- 
ncticm due to tidal friction is (»f so vague a charac'ter 
that it is desirable h) considc'r in detail luw ilu^y 
operate. 

The circle in fig. lUi is supposed to reprc^sfuii the 
undisiiirlH'd shape of the planet, which rfdates in tin*, 
iUrection of the curved arrow. A portion of (he?, orbit 
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of the Hatollito Ih indicated l>y jiart »>f !i, cindi*. siiitl lh»’ 
diroclinu of itn nifttion in chown liy im arrow, 1 will 
fu’Ht HuppoHO that (he water lyiup; on tic idaict, .«• 
tho molten rock of which it ih formed, in a pcrfi ct 
lubricant devoid of friction, and that a! the montcni 
repnsHcntcul in tho lifturc tho Hatcllito ih hI m'. The 
Iluid will then he diHlorled hy the Ihhil forci- until it 
assuineH the ogjt-like nhape niarkod hy the ellijiMo, pro- 
jecting on both HidoH beyond tint circle. It will, how* 
ever, bo well to oliHorvo that if tlun figure reproHiutlw an 



ocean, it inuHi be a vitry deep one, far deeper than Uioms 
which actually exial on the earth; for wn have aei n 
that it in only in de«p oeeiuiH that the high water 
Htaude undonieiith and opponite to the ninon ; whereaw 
in Bhallow water it ia low-water where we ahould 
naturally expect high water. Aeceptiiig the h.vpo 
thoHis that tho high tide i« opijonito to the moon, and 
supposing that the liquid in dovoiil of friction, tin 
long axis of tho egg is alwaya dirc<-fed at rat, jin 
towards tho Hatollite a', and the liquid miuiitinn*^ n 
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continnouH rhythmical movement, so tliaii as the 
planet rotaUis and the satellite revolves, it always 
maintains the same shape and attitude towards tiie 
satellite. 

Hut when, as in reality, the liciuid is subject to 
friction, it gets belated in its rhythmical rise and fall, 
and the protuberance is carried onward by the rota- 
tion of tlui phmet beyond its proper place. In order 
to make the same figure serve for tins condition, I set 
the satellite backward to m ; for this amounts to just 
the same thing, and is loss confusing than redrawing 
the protuberance in its more advanced position. 
The planet then constantly maintains this shape 
and attitude with regard to the satellite, and the 
interaction between the two will be the same as 
though the planet were solid, but continually altering 
its shape. 

We have now to examine what effects must follow 
from the attraction of the satellite on an egg-shaped 
planet, when the two constantly maintain the sanio 
attitude relatively to each other. It will make. Iho 
matter somewhat easier of comprehcnsioti if w« 
replace the tidal protuberances by two particles of 
equal masses, one at r, and the other at i>'. if tlu^ 
masHCSH of th ese particles be properly chos(!n, so as to 
represent the amount of matter in the protuboraiices, 
the proposed change will make no material dilfcrcuci' 
in the action. 

The gravitational attraction of the satiillite is 
greater on bodies which are near than on those, which 
are far, and accordingly it attracts the particle i> more 

K 
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atrongly than the particle p'. It ohvitjUH from llw 
figure that the attraction on v imiHt (i*ni| to stop tin* 
planet’s rotation, whil«t that on p' nmst toml to 
accelerate it. If a man piiahcH eciually on tint two 
l)edalB of a bicycle, the crank him tm londcncy folnrii, 
and hosides there are dead pointH in the revolution 
■where pushing and pulling have no elh'cf,. Ho nlw* 
in the astronomical problem, if the two at t ract ion*» 
■were exactly c(pial, or if the protulxtranccK wt'r«* at » 
dead point, there ■would be no resultant ciTcct on Ihi* 
rotation of the planet. But it is obvious that here 
the retarding pull is stronger than the ucc»»!«rtttiug 
one, and that the set of the proluhcrancca is such 
that ■wo have passed the detui point. It follows from 
this that the primary eff6(;t of fluid friction is to throw 
the tidal protuberance forward, and the secondary 
effect is to retard the planet’s rotation. 

It has been already remarked that this figure is 
drawn so as to apply only to tho case of tjorporoal 
tides or to those of a very deep oc.cau. If tho fw-enn 
■were shallow and frietionless, it would ho low- water 
uhder and opjwsite to the satollilc. If thou thw 
effect of friction -were still to throw the pmtHlmranci'S 
forward, the rotation of the planet would lie accidorated 
instead of retarded. But in fact tho offwl of th»ld 
friction in a shallow ocean is to throw tho protiihi- 
ranees backward, and asimilar figure, drawn to illuslrat.* 
such, a displacement of the tide, would at fuioo luako 
it clear that here also tidal Mcti<»n will load to tlw 
retardation of the planet’s rotation. Honwforih then 
I shall confine myself to the ease iilustrak*d by fig. hli. 
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Action and reaction are equal and opposite, and if the 
satellite pulls at the protuberances, they pull in return 
on the satellite. The figure shows that the attraction 
of the protuberance p tends in some measure to hurry 
the satelhte onward in its orbit, whilst that of p' tends 
to retard it. But the attraction of p is stronger than 
that of p', and therefore the resultant of the two is a 
force tending to carry the satellite forward in the 
direction of the arrow. 

If a stone be whirled at the end of an elastic string, 
a retarding force, such as the friction of the air, will 
cause the string to shorten, and an accelerating force 
will make it lengthen. In the same way the satellite, 
being as it were tied to the planet by the attraction 
of gravitation, when subjected to an onward force, 
recedes from the planet, and moves in a spiral curve 
at ever increasing distances. The time occupied by 
the satellite in making a circuit round the planet is 
prolonged, and this lengthening of the periodic time 
is not merely due to the lengthening of the arc 
described by it, but also to an actual retardation of its 
velocity. It appears paradoxical that the effect of an 
accelerating force should be a retardation, but a con- 
sideration of the mode in which the force operates 
will remove the paradox. The effect of the tangential 
accelerating force on the satellite is to make it describe 
an increasing spiral curve. Now if the reader will 
draw an exaggerated figure to illustrate part of such a 
spiral orbit, he will perceive that the central force, 
acting directly towards the planet, must operate in 
some measure to retard the velocity of the satellite. 
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Tho contral force is very great eoitipari'tl will) she 
tangential force due to the tidal frielina, and there- 
fore a very sniall fraction of tht! ceiifftil have may h« 
greater than the tangential force. Ahhiatgh in a 
very slowly incroasing spiral the fraction of the 
contral force productive of retiualafimi is very Hmall, 
yet it is found to htt greater than the tnngeiiinil 
accelerating force, and thus the ri'sultiint elfert is u 
retardation of tho satellite's velocity. 

The converse case where a retar«lijtg force results 
in increase of velocity will perhaps henioreiiiti'lligibl#, 
as being more familiar. A mohuirite, rttshing through 
the earth’s atmosplnwc, moves faster and fiuitiir, 
because it gains more speed from tho altriMstbn of 
gravity than it 1 oh(!S by tho friction of the air. 

Now let us apply these idtsas to tho casa of th« 
earth and the moon. A man stantling on tho platiot, 
as it rotates, is carried past places whore the duid it 
deeper and shallower alternatoly ; at tho dii*}* pliutMi 
he says that it is high-tido, and at (lu? shallow plmvs 
that it is low-tide. In fig. BIJ it is high-tide when 
the observer is carried past i>. Now it was jHMiiird 
out that when there is no thud frietiim wo iinis! put 
the moon at m', but when there is friction site tnu»tt 
be at M. Accordingly, if there is no frictitui it im 
high-tide when tho moon is over the ohsorvcr'i* Ih'!hI. 
but when there is friction tho inotm has piiHia^d Im 
sBonith before he reaches high-tido. Iloncit be 
would remark that fluid friction retards the time of 
high-tido. 

A day is the name for the lime in wliieh the wirih 
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voiates onc.o, and a month for the time in which tlie 
moon rcvolvoH oiu^o. Then since tidal friction retards 
the (iarth’s rotation and the moon’s revolution, we 
may state that both the day and the month are being 
leiiglhonod, and that these results follow from the 
retardation of the time of high-tide. 

It must also bo noted that the spiral in which the 
moon moves is an increasing one, so that her distance 
from the c'artb also increases. These sre absolutely 
certain and inevitable results of the mechanical inter- 
action of the two bodies. 

At the iirosent time the rates of increase of the 
day and month are excessively small, so that it has 
not been found possible to determine them with any 
approach to accuracy. It may be well to notice in 
passing that if tlie rate of increase of either element 
were determinable, that of the other would he dedu- 
ciblo hy calculation. 

The extreme slowness of the changes within 
historical times is established by the (iarly rcicords 
in (h-eelc and Assyrian history of eclipses of the 
sun, which occurred on certain days and in cortuin 
places. Notwithstanding the changes in the eakmdar, 
it is ))OHHible to identify the day according to our 
modern roekoning, and the identification of the place 
presents no diflunilty. Astronomy affords the means 
of calculating the exact time and place of Uie occur- 
rence of an eelipse oven three thousand years ago, on 
the supposition that the earth spun at the same rate 
then as now, and that the complex laws governing tlie 
moon's motion arc unchanged. 
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'I’he particular eclipBA ri'fi-rn-tl in liintiny in 
known, but any conHulerabln chniiKn in tin* <;nlh‘f< 
rotation and in tlienionn’H jKiHition woulil li»u<‘ 
tho poHition of viHihility on tin* nirth fiiun tin* 
Hituation to which modern rmnpulation would 
it. iMoHt aHtronomical tthHcrviitiotiH wouh! witrihh 
if the exact time of the rn’currenco witi* niiciTtniii, Smt 
in tho caHO of oclipHcH tlio {dace of olmei vatioii «iiiird« 
just that ehunont of preriHum which ia o{h«*rw»M0 
wanting. Ah, then, tho HitualioiiM of tin* iincimit 
(iclipsca agroo fairly well w‘jlh H!iHh«rn couiputalioiw, 
wo aro sure that there haa lH«*n nn groiil ciiango 
within tho last throo tlHiUHiuul yenrH, oilhor in IIib 
earth’s rotation or in tho mmui’s motion. Thnri* in, 
however, a small outstanding discropancy which 
indicates that there has hcen S(uno rhitngo. Hut the 
exact anunint of change involves eh*nicntM of unf#r- 
tainty, because our knowledge of the laws of the 
moon's motion is not yet «piite iiecuriiti* enough for 
tho ahsolutely p<‘rfect caleulaticm of l•cl^pm‘s which 
occurred many centuries ago. in this way it is known 
that within historical times the retardation of the 
earth’s relation, and the recession of the imsm, hnve 
beeit at any rate very slow. 

It does not, however, follow from this Ihat tl*e 
changes have always lawn etptally slow ; inih eii it 
may be shown that tho efficiency t»f tidal friction 
increases with great rapidity as wo bring the fidt ■ 
generating sakdlito nearer to tho planet. 

It has been shown in ebaptor V. that the intensity 
of tide-generating force varies as tho inv«*r«(« ruhe of 
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the distance between the moon and the earth, so that 
if iihc moon’s distance were reduced suecessively to 
“j it> 1> it's original distance, the force and the 
tide generated by it would be multiplied 8, 27, (54 
times. But the efiieiency of tidal friction increases 
far more rapidly than this, because not only is the 
tide itself augmented, but also the attraction of the 
moon. In order to see how these two factors will 
co-operate, let us begin by supposing that the height 
of the tide remains unaffected by the approach or 
retrogression of the moon. Then the same line of 
argument, which led to the conclusion that tide- 
generating force varies inversely as the cube of the 
distance, shows that the action of the moon on pro- 
tuberances of definite magnitude must also vary 
inversely as the cube of the distance. But tlie height 
of the tide is not in fact a fixed quantity, but varies 
inversely as the cube of the distance, so that when 
account is taken both of the augmentation of the tide 
and of the increased attraction of the moon, it follows 
that the tidal retardation of the earth’s rotation must 
vary as the inverse sixth power of the distance. Now 
since the sixth power of 2 is 64, the lunar tidal friction, 
with the moon at half her present distance, would bo 
(51 times as elliciont as at present. Himilarly, if her 
distance were diminished to a third and a (piarter of 
what it is, the tidal friction would act with 729 and 
4()i)(i times its present strength. Thus, although the 
action may bo insensibly slow now, it must have gone 
on with much greater rapidity when the moon was 
nearer to us. 
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There are many problems in which it would be 
very difficult to follow the changes according to the 
times of their occurrence, but where ifc is possible to 
banish time from consideration, and to trace the 
changes themselves, in due order, without reference to 
time. In the sphere of common life, we know the 
succession of stations which a train must pass 
between London and Edinburgh, although we may 
have no time-table. This is the case with our astro- 
nomical problem; for although we have no time- 
table, yet the sequence of the changes in the systena 
can be traced accurately. 

Let us then banish time, and look forward to the 
ultimate outcome of the tidal interaction of the moon 
and earth. The day and the month are lengthening 
at relative rates which are calculable, although the 
absolute rates in time are unknown. It will suffice 
for a general comprehension of the problem to know 
that the present rate of increase of the day is much 
more rapid than that of the month, and that this will 
hold good in the future. Thus, the number of rota- 
tions of the earth in the interval comprised in one 
revolution of the moon diminishes ; or in other 
words the number of days in the month diminishes^ 
although the month itself is* longer than at present* 
For example, when the day shall be equal in length 
to two of our actual days, the month may be as long 
as thirty-seven of our days, and then the earth will 
spin round only about eighteen times in the month. 

This gradual change in the day and m onth proceeds 
continuously until the duration of a rotation of the 
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earth is prolonj^ed to fifty-five of our prosent (lays. 

At the sanu! time the month, or the time of revolution 
of the moon round tho earth, will also occupy fifty-fivo 
of our days. Mince tho month hero moans tho period 
of tho ritnru of the moon to the same place among 
tho stars, and since tho day is to bo estimated in tho 
same way, tho moon must then always face the same 
part of tlu! earth’s surface, and the two bodies must 
move as though they wore united by a bar. The out- 
como of tho lunar tidal friction will therefore be that 
tho moon and tho earth go round as though locked 
together, in a period of fifty-five of our present days, 
with tho day and tho month identical in length. 

Now looking backward in time, we find the day 
and the month shortening, but the day changing more 
rapidly than the month. Tho earth was therefore 
able to complete more revolutions in tlie month, 
although that month was itself shorter than it is now. 
We got back in fact to a time when there were 29 rota- 
tions of tlio earth in a month instead of 27;^, as at 
present. This ('poch is a sort of crisis in the history of 
the moon and the csarth, for it may bo proved that there 
never could have been more than 29 davs in the 
month. Earlier than this epoch, tho days wore fewer 
than 29, ami later fewer also. Although measured in 
years, this epoch in tho earth’s history must he very 
riuuote, yet when we contemplate the whole scu-ies of 
changes it must he considered as a comparatively 
recent ev(‘nt. In a sense, indoisd, wo may b(i said to , 
have ])aKsed recently through the middle stage of our 
history. 
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Now, pursuing the series of elumf'i'S furtlu-r ba»’k 
than the. (spoeh when there was the ujiixiiiiuui itumher 
of (lays in the month, we iiml tiie eaiih sfiii r'liatin;' 
fantor and faHter, and the nKsin druwiiig in nrer and 
noai'or to tho earth, and revolving in nh«<rier and 
shorter periods, lint a idiange has now niiperveiit d, 
80 that the rate at wliich the niimth is HhnrL-iiiug is 
more rapid than the rate nf elnnige in ihe day. 
OouHocpiently, the moon new gains, as it were, on the 
earth, which cannot get round ««t friwjUenlly in the 
month as it did hefore. In other words, fin* iiiitulji*r 
of days in tlui month doelinoH from the inaxiiHUiii of 
29, and is finally reduced to onti. When there is tnily 
one day in tho mouth, the oartli ami tlui mmm gti 
round at the Harae rate, so that tin* monii alwny* 
looks at the same side of the earth, and no far m 
concerns the motion they might Ih* fastenud together 
by a rigid har. 

This is the same conclusiaii at which wo arrived 
with respect to tho remote future. But tlm two 
differ widely; for whereas in the futiirw the prritsl of 
the common rotation will he fifi of our preHimi days, 
in tho past wo find tho two IkmIu'S going round each 
other in between three and fivo of our preHenl hours. 
A satellite revolving round the «arth in ho shor» ;i 
period must almost touch tho earth’s surfm-i*. Tie- 
system is therefore traced until the luimn nearly 
touches the earth, and the two go ronnd euch trfJtrr 
like a single solid body in about three lo live hotuH. 

The series of changes has hemi traced forwiird and 
backward from the present time, hut it will maku the 
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wholfi procoBS more inteUigible, and the opportunity 
will be afforded for certain further considerations, if I 
sketch the history again in the form of a continuous 
narrativt!. 

Let us imagine a planet attended by a satellite 
which revolv(!H so as nearly to touch its surface, and 
c.outiuuouBly to face the same side of the planet’s 
surface. If now, for some reason, the satellite’s 
mouth comes to differ very slightly from the planet’s 
day, trim satellite will no longer continuously face the 
same side of the planet, but will pass over every part 
of the planet’s (upiator in turn. This is the condition 
necessary for the generation of tidal oscillations in the 
planet, and as the molten lava, of which we suppose 
it to be formed, is a sticky or viscous fluid, the 
tidal oscillations must be subject to friction. Tidal 
friction will then begin to do its work, but the result 
will be very different according as the satellite revolves 
a little fasten' or a little slower than the planet. If it 
revolves a little faster, so that the month is shorter 
than the day, we have a condition not contemplated 
in lig. 8() ; it is easy to see, however, that as the 
satellite is always leaving the planet behind it, the 
ap(!X of the tidal i)rotul)e,rance must be directed to a 
point hidiind tlu! satellite in its orbit. In this case 
th(! rot.ation of the planet must ho accelerated by the 
tidal friction, and the satellite will be drawn inward 
towards the planet, into which it must xiltimately fall. 
In the application of this theory to the earth and 
moon, it is obvious that the very existence of the 
moon negatives the hypothesis that the initial month 
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was «vt)U infitutOHimally shorttfr tljan <ln* \\V 

tnwt tlic'ii that th« jiuKni rt'VMlv*?! n liflln 

tuoro slowly tliiui tli« mrth In lliis rii * fht* 

tidal fridion would rotard tin* oartirs roialinn, »itd 
fonw Iho tiHKOi to m'odi* from I ho nod mo 

parfonii hiT orhit jooro slowly. A«'«tr«iuij'ly, iho 
primitivo day and tho primitivo tiimtih Inif^thon, hut 
tlio mouth iiicrotiHOH uitudi moro rapidly Ihiui tlu* 
day, HO that tlui iituuhor of dayaiii it mmtUi iurroitHos. 
This proccodH until that nunilafi' rouchos a ma&imiini, 
which in tln^ castt of our plaimt w iilMuit ‘i'.h 

After the opot-h of tho masimiiin nmnlH'r of day* 
in tho month, tho rato of ohango in tho longlh of Him 
day botiomt-a hms rapid than that in Ihn tongth at 
the month ; and although both jM'riods inrroivwi, Him 
number of days in the month l«<gin» lo diminiMh. 
The series of ehanges thim prm'wds until the two 
periods coino again to an identity, when w«> havo Him 
earth and the moon as they were at the hegiimiiifi, 
revolving in tlm same period, with the moon til way* 
facing tho same side of the earth. Hut in her fliml 
condition tlm moon will he ii long way off the I’arlli 
instead of being ({iiito close to it. 

Although tho initial and final stati’s resemble 
each other, yet they differ in one resj«*et wlneli i» 
of much importance, for in the initial emidhioii the 
motion is imstablo, whilst fitndly it is slahle. The 
meaning of this is, that If tho mism were even 
infinitosimally disturlind from tlm intlial mmle »tf 
motion, sho wouhl noceiwarily eitlier fall into the 
planot, or rocodo therefrom, ami it would he iwpiN- 
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Bible b)r luir to continue to move in that neighbour- 
hood. She ia unstable in the Baino houho in which 
an egg when balanced on its point is unstable ; the 
Bmallest mote of dust will upset it, and practically it 
cannot stay in that position. But the Ihial condition 
roBctublcs the case of the egg lying on its side, which 
only rocks a little when we disturb it. So if the 
moon were slightly disturbed from her linal condition, 
she would continue to describe very m^arly the same 
path round the eartli, and would not assume some 
entirely new form of orbit. 

It is by methods of rigorous argument that the 
moon is traced back to the initial unstable condition 
when she revolved close to the earth. But the 
argument here breaks down, and calculation is in- 
competent to tell us what occurred bedore, and how 
she attained tliat unstable mode of motion. If we 
were to find a pendulum swinging in a room, where 
we knew that it had been undisturbed for a long time, 
we might, by observing its velocity and allowing for 
the resistance of the air, conclude that at some 
previous moment it had just been upsido-dowu, hut 
calculation could never tell us how it had reached 
that positiou. Wo shoidd of course foisl coul'uhmt 
that some one had started it. Now a similar hiatus 
must occur in the. history of the moon, hut it is not 
so easy to supply the missing episodo. It is indcod 
only [loKKihle to speculate as to the preceding history. 

Bul there is some basis for our speculation ; for I 
Hay that if a planet, such as the earth, made each 
rotation in throe hours, it would very nearly lly to 
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piecos. The attraction of gravity wtoiltl Lo L»n «'1 v '4 rojiv* 
enough to hold it together, jnat aa the ridiehi w at r« itj:th 
of iron in inHufliciout to hold a fly-whorl iitgrJhrr if it 
ifl Kpuu too fast. Thrru ia, of rourw, no imi«ntnnl 
dwtiuciion hotwoen tho cane of thr nijdtirril fiy-vUnr! 
and tho Huppoaod hroak-iil» of I hr rnrih : for wln-ti ai 
fly-whool hroaka, tho piocoa are hurlrti »i*« noon 

as the force of cohoHion failH, wlirmiH whrii a |ditiji'l 
hroakn up through too rapiil rutatitm, grnvity irnmt 
continue to hold tho piecr« togtdh»<r affrr they have 
ccaHod to form partn of a Hinghi body. 

Ileneo wo have groundH for conjecturing that th« 
moon is composed of fragJiiontH of tho priiiiitivn phuiet 
which we now call tho oarth, which detached thorn- 
solvoB when tho planet spun very awiftly. and 
afterwards bocaino coimolidatisd. It MiirpaaiM'S the 
power of inathomatical calculafion to trace tlio dotaiiii 
of the process of this rupture and suhscijuimt con- 
solidation, but wo can hardly ilmthl. that thn syntwn 
would pass through a jieriod of turhuhuice, laifor® 
order was re-CKtahlishod in the forinalion of n «»it4*lliti». 

I have said above that rapid rolation wan pro- 
hably the cause of tho birth of the hiimui, htit it nniy 
perhaps not have been brought about by this ciiiiw* 
alone. There are certain cotiHiderationa which iiiakr 
it difficult to ascertain the initial conmioii jaudod of 
revolution of the moon and the eiirfli with nrcurfic.v s 
it may lie between three and live hours. Now I 
think that such a speed might not cptitti miilico to 
cause the primitive planet to hrenk up. in (‘fitiptcr 
XVIIL we shall consider in greater detail the con* 
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(iitions iindei' which a rotating mass of li<iui(l would 
rupture, but for tho present it may suffice to say that, 
where the rotating body is heterogeiu'-ouH in density, 
like the earth, the exact determination of tho limiting 
speed of rotation is not possible. Is there, then, any 
other cause which might co-operate with rapid rota- 
tation in producing rupture ? I think there is such a 
ciuise, and, although we are here dealing with guess- 
work, I will hazard the suggestion. 

The primitive planet, before the birth of the 
moon, was rotating rapidly with reference to the sun, 
and it must therefore have been agitated by solar 
tides. In Chapter IX. it was pointed out that there 
is a gtuiei’al dynamical law winch enables us to fore- 
see the magnitude of the oscillations of a system 
under the action of external forces. That law de- 
pended on the natural or free period of the oscillation 
of the system when disturbed and left to itself, free 
from the intervention of external forces. We saw 
that the more nearly tho periodic forces were timed 
to agree with tho free period, tho greater was the 
amplitude of tho oscillations of tlie system. Now it 
is easy to calculate the natural or free period of tho 
oscillation of a homogeneous li(iuid glohts of tho sanu? 
(lensity as the earth, namely five and a half tinu* as 
heavy as water ; tho period is found to bo 1 hour 
HI minutes. Tho heterogeneity of tho earth iutro- 
du(^es a complication of which wci catinot take 
ac.<^ount, Imt it seoms likely that tho period would ho 
from 1 i to 2 hours- The period of tho solar semi- 
diurnal tide is half a day, and if the day wore from 
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8 to 4 of onr prasont hours the forcfil pci i»«i of tli#' 
ti<lo would hti iu cloBO agroeiiaoufc with tho fms itfi iud 
of OHcillation. 

May wa not than conjocturc that as tlio r<4ati*iu 
of tlio primitivo oarth was gratlnally rodui’«*tf hy wdar 
tidal friction, the jicrioil of tho solar tide was hriaifjht 
into cloHor and closer agrcanuint with tho froo jx ritMi, 
and that conHequently tho solar tide ineronsrd more 
and morn in ludglit*,* In this case tho «srilla!io» 
might at length hoeonio so violent that, in eo-oiH ra- 
tiou with the rapid rotation, it shiHik tho piiuiot to 
pioctm, and that huge fragninnts worn ciiitMA'Imd which 
ultimately bccanio our moon. 

There is nothing tt» hdl ns whether this thwry 
affords the true explanation of the hirth of the niO0ii, 
and I say that it is only a wild sis'eulation, ttieaiiablo 
of verification. 

But tho truth or falsity of this spiandiU i«»»i il«* not 
militate against tho aoeeptaneo of the genomi tlnwry 
of tidal friction, whieli standing on tho firm 
of moehanical necessity throws nnich light on Iho 
history of the earth and th<» niooii, aiul eorrwlaL** 
the lengths of our present day and tnontb. 

I have said ateve that the aequenco of ovenis Ims 
been stated without referonoe to tho scale 4 »f t ime. 1 1 
m, however, of the utmost imiwrtanoo t(» gain «rni»« 
id^ of the time requisite for all tho chauKt.s in the 
syttentt. If millions of millions of ynttrs weio 
necessary, the theory would Imvo to ho rejict.M, 
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Itecause it is known from other lines of argument 
that there is not an unlimited bank of time on which 
to draw. The uncertainty as to the duration of the 
solar system is wide, yet we are sure that it has not 
existed for an almost infinite past. 

Now, although the actual time-scale is inde- 
terminate, it is possible to find the minimum time 
adeciuate for the transformation of the moon’s orbit 
from its supposed initial condition to its present 
shape. It may be proved, in fact, that if tidal 
friction always operated under the conditions most 
favourable for producing rapid change, the sequence 
of events from the beginning until to-day would have 
occupied a period of between 50 and 60 millions of 
years. The actual period, of course, must have been 
much greater. Various lines of argument as to the 
age of the solar system have led to results which 
differ widely among themselves, yet I cannot think 
that the applicability of the theory is negatived by 
the magnitude of the period demanded. It may be 
that science will have to reject the theory in its full 
extent, but it seems unlikely that the ultimate verdict 
will be adverse to the preponderating influence of 
the tide in the evolution of our planet. 


If this history bo true of the earth and moon, it 
should throw light on many peculiar itii^s of the solar 
system. In the first place, a corresponding series of 
clianges must hav(i taken place in the moon herself. 
Once on a time the moon must have been molten, and 
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the great extinct volcanoes revealed by the telescope 
are evidences of her primitive heat. The molten 
mass must have been semi-fluid, and the earth must 
have raised in it enormous tides of molten lava. 
Doubtless the moon once rotated rapidly on her axiSj^ 
and the frictional resistance to her tides must have 
impeded her rotation. This cause must have added 
to the moon’s recession from the earth, but as the 
moon’s mass is only an eightieth part of that of 
the earth, the effect on the moon’s orbit must have 
been small. The only point to which we need now 
pay attention is that the rate of her rotation was 
reduced. She rotated then more and more slowly 
until the tide solidified, and thenceforward and to the 
present day she has shown the same face to the earth. 
Kant and Laplace in the last century, and Helmholt? 
ill recent times, have adduced this as the explanation 
of the fact that the moon always shows us the same 
face. Our theory, then, receives a striking confirma- 
tion from the moon; for, having ceased to rotate 
relatively to us, she has actually advanced to that 
condition which may be foreseen as the fate of the 
earth. 

The earth-tide in the moon is now solidified so 
that the moon’s equator is not quite circular, and the 
longer axis is directed towards the earth. Laplace 
has considered the action of the earth on this solidified 
tide, and has shown that the moon must rock a little 
as she moves round the, earth. In consequence of 
this rocking motion or libration of the moon and 
also of the fact that; her orbit is elliptic, we are able 
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to see just a little more than half of the moon’s 
surface. 


Thus far I have referred in only one passage to 
the influence of solar tides, but these are of consider- 
able importance, being large enough to cause the 
conspicuous phenomena of spring and neap tides. 
Now, whilst the moon is retarding the earth’s rota- 
tion, the sun is doing so also. But these solar tides 
react only on the earth’s motion round the sun, 
leaving the moon’s motion round the earth unaffected. 
It might perhaps be expected that parallel changes in 
the earth’s orbit would have proceeded step by step, 
and that the earth might be traced to an origin close 
to the sun. The earth’s mass is less than 
part of the sun’s, and the reactive effect on the 
earth’s orbit round the sun is altogether negligible. 
It is improbable, in fact, that the year is, from this 
cause at any rate, longer by more than a few seconds 
than it was at the very birth of the solar system. 

Although the solar tides cannot have had any 
perceptible influence upon the earth’s movement in 
its orbit, they will have affected the rotation of the 
earth to a considerable extent. Let us imagine our- 
Hcdves transported to the indefinite future, when the 
moon’s orbital period and the earth’s diurnal period 
shall both bo prolonged to 66 of our present days. The 
lunar tide in tlui earth will then be unchanging, just 
as the earth-tide in the moon is now fixed ; but the 
<>arth will be rotating with reference to the sun, and. 
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if there are Htill oceans on the eurtli, h«'»' rotalitm wili 
l)(f subject to retardation in oonseiiueiiee of llir w4iir 
tidal friction. The day will Iheu bectuoe r Ihnn 
the month, whilst the moon will at first eoiitinnn lu 
revolve round the earth in f>r» days, Lniiar ti«l« s will 
now be aKain gouerattHl, but as the motifui of tin- • arsii 
will bo very slow relatively to the hkmiii, the 
tions will also bo very slow, and subj«»et to little frirtion. 
Jtut that friction will aet in oi>}Mmitii»it to the solar 
lidos, and the earth’s rotation will to wotie alight 
extent bo assisttHi by thu ttnxuj. Tho humhj her«t4t 
will slowly approach the earth, ntoving with a ahttrler 
period, and must ultimately fall back into the mrth. 
We know that there are neither tweaiis nor atmo* 
sphere on the mtsm, but if there were aiieh, Ihfl moon 
would have been subject to sttlar tidal frietioti, and 
would now he rotating slower tlnui she revolvw. 


AtitiitmtTtisi 

iiit tlw §ni t>f Clm|it#*r XVil 
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CHAPTER XVII 

TIDAL FEicTiOK (continued) 

It has been shown in the last chapter that the 
prolongation of the day and of the month under the 
influence of tidal friction takes place in such a 
manner that the month will ultimately become 
longer than the day. Until recent times no case had 
been observed in the solar system in which a satellite 
revolved more rapidly than its planet rotated, and 
this might have been plausibly adduced as a reason 
for rejecting the actual efficiency of solar tidal friction 
in the process of celestial evolution. At length how- 
ever, in 1877, Professor Asaph Hall discovered in 
the system of the planet Mars a case of the kind of 
motion which we foresee as the future fate of the 
moon and earth, for he found that the planet was 
attended by two satellites, the nearer of which has a 
month shorter than the planet’s day. He gives an 
interesting account of what had been conjectured, 
partly in jest and partly in earnest, as to the 
existence of satellites attending that planet. This 
foreshadowing of future discoveries is so curious that 
I quote the following passage from Professor Hall’s 
paper. He writes ; 
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‘ Since the discovery of the satellites of Mars, the 
remarkable statements of Dean Swift and Yoltaire 
concerning the satellites of this planet, and the argu- 
ments of Dr. Thomas Dick and others for the 
existence of such bodies, have attracted so much 
attention, that a brief account of the writings on this 
subject may be interesting. 

^ The following letter of Kepler was written to one 
of his friends soon after the discovery by Galileo 
in' 1610 of the four satellites of Jupiter, and when 
doubts had been expressed as to the reality of this 
discovery. The news of the discovery was com- 
municated to him by his friend Wachenfels; and 
Kepler says: 

‘ Such a fit of wonder seized me at a report which 
seemed to be so very absurd, and I was thrown into 
such agitation at seeing an old dispute between us 
decided in this way, that between his joy, my color- 
ing, and the laughter of both, confounded as we were 
by such a novelty, we were hardly capable, he of 
speaking, or I of listening. On our parting, I 
immediately began to think how there could be any 
addition to the number of the planets without over- 
turning my f Cosmographic Mystery,* according to 
which Euclid’s five regular solids do not allow more 
than six planets round the sun. ... I am so far 
from disbelieving the existence of the four circumjovial 
planets, that I long for a telescope, to anticipate you, 
if possible, in discovering two round Mars, as the prO'- 
pbrtion seems to require, six or eight round Saturn^ 
and perhaps one each round Mercury and Venus.’* 
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* I>e>an Swift’s statement concerning the satellites 

is in his famous satire, “ The Travels of Mr. 
hem.-u.el. Gulliver.” After describing his arrival in 
hajaxitab, and the devotion of the Laputians to 
matlaeuaatics and music, Gulliver says: 

* “ -The knowledge I had in mathematics gave me 
grea,ti a.ssistance in acquiring their phraseology, which 
'^*Pan.<ied much upon that science, and music ; and 
in tile latter I was not unskilled. Their ideas were 
pei'^e-fually conversant in lines and figures. If they 
would^ for example, praise the beauty of a woman, or 
nf any other animal, they describe it by rhombs, 
cirelos, parallelograms, ellipses, and other geometrical 
tertxis, or by words of art drawn from music, needless 
her e to repeat. . . . And although they are dexterous 
eiiotxgki upon a piece of paper, in the management of 
the mle, the pencil, and the divider, yet in the 
oomnaon actions and the behaviour of life, I have not 
seen a> more clumsy, awkward, and unhandy people, 
nor so slow and perplexed in their conceptions upon 
all snbjects, except those of mathematics and music- 
They are very bad reasoners, and vehemently given 
to opposition, unless when they happen to be of the 
ligtLt opinion, which is seldom their case. . . * 
Tlxose people are under continual disquietudes, never 
enjoying a minute's peace of mind ; and their dis- 
turbances proceed from causes which very little affe(*t 
the rest of mortals. Their apprehensions arise from 
sevoral changes they dread in the celestial bodhis. 
For instance, , that the earth, by the eontinua-l 
ail>proaches of the sun towards it, must, in the eourso 
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of time, be absorbed, or swallowed «p. That the faett 
of the sun will, by degrees, be encrusted with its own 
effluvia, and give no more light to the world. That 
the earth very narrowly escaped a brush from tin* 
tail of the last comet, which would have infallibly 
reduced it to ashes ; and that the next, which they 
have calculated for one-and-thirty years hence, will 
probably destroy us. For if, in its periludion, it 
should approach within a certain degree of the srin 
(as by their calculations they have reason to drtunl,) 
it will receive a degree of heat ten thousand times 
more intense than that of red-hot glowing iron ; and, 
in its absence from the sun, carry a blazing tail ten 
hundred thousand and fourteen miles long ; through 
which, if the earth should pass at the distance of 
one hundred thousand miles from the nucleus, or 
main body of the comet, it must, in its passage, bo 
set on fire, and reduced to ashes. That the sun, 
daily spending its rays, without any nutriment io 
supply them, will at last be wholly consumed anti 
annihilated ; which must be attended with the 
destruction of this earth, and of all the planets that 
receive their light from it. 

‘ “ They are so perpetually alarmed with the appre- 
hension of these, and the like impending dangers, 
that they can neither sleep quietly in their lajds, nor 
have any relish for the common pleasures and amuw- 
ments of life. When they meet an acquaintamai in 
the morning, the first question is about the sun’s 
health, how he looked at his setting and rising, and 
what hopes they had to avoid the stroke of the 
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approaching comet. . . . They spend the greatest part 
of their lives in observing the celestial bodies, which 
th('y do by the assistance of glasses, far excelling 
ours in goodness. B'or although their largest tele- 
scopes do not exceed three feet, they magnify much 
more than those of a hundred with us, and show the 
stars with greater clearness. This advantage has 
(uiabled them to e.xtend their discoveries much further 
than our astronomers in Europe; for they have made 
a catalogue of Usn thousand fixed stars, whereas the 
largest of ours do not contain above one-third of that 
number. . . . They have likewise discovered two' 
lessor stars, or satellites, which revolve about Mars ; 
whereof the innermost is distant from the centre of 
the primary planet exactly three of his diameters, 
and the outermost, five ; the former revolves in the 
space of ten hours, and the latter in twenty-one and 
a half ; so that the squares of their periodical times 
are very near in the same proportion with the cubes 
(tf their distance, from the centre of Mars ; which 
evidently shows them to be governed hy the same law 
of gravitation that influences the other heavenly 
bodies.” 

‘ The reference which Voltaire makes to the moons 
of IMarsis iuhis “Micromega8,HistoirePhilosophique.” 
Micromogas was an inhabitant of Sirius, who, having 
writt(!n a book which a suspicious old man thought 
smelt of luu-osy, loft Sirius and visited our solar 
system. Voltaire says ; 

‘ “ Mais revenons a nos voyageurs. En sortaiit de 
Juiuler, ils traverst^reut un espace d’ environ cent 
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millions de lieues, et ila cdtoy6rout la planoto d« Mars, 
qui, comme on sait, est cinq foin plus <nut uotrt* 
petit globe ; ils virent deux lunoH <iui si-rvent A cetto 
planote, et qui out 6chappb aux reganls de non 
astronomes. Je sais bien que le pore (’(mtel ecrira, 
et mAme plaisamment, eontre rexisttiiu'O de (’{‘h deux 
lunes; mais je m'en rapiwrte a ceux qui raiwunieut 
par analogic. Oes boiis philoHoplwH-la savent foiubifu 
il surait dillicile quo Mars, (pii <(Ht si loin du Huleil, h* 
passiit a moiiiH de deux lunes.” 

‘The argument by analogy for the existence of 
a satellite of Mars was revived by writers like Dr. 
Thomas Dick, Dr- Lardner, and others. In addition 
to what may be called the anakigitm of iwtronomy, 
these writers appear to rest on the idea that a ben®> 
hcent Creator would not place a planet «o far from 
the sun as Mars without giving it a satellite. This 
kind of argument has passed into some of onr hand- 
books of astronomy, and is stated as follows by Mr. 
Chambers in his excellent book on “ Descriptive Astr<»- 
nomy,” 2nd edition, p. 89, published in 18 ( 17 : 

‘ “ As far as we know, Mars pOHsesses no satellite, 
though analogy does not forbid, but rather, ou the 
contrary, infers the existence of one ; and its never 
having been seen, in this case at least, provi's nttthiiq;. 
The second satellite of Jupiter is only j'^rd i*f the 
diameter of the primary, and a satellite ^'.jrd of the 
diameter of Mars would be less than 100 miles in 
diameter, and therefore of a sine barely within Urn 
reach of our largest telescopes, allowing nothing for 
its possibly close proximity to the planet. The fact 
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that one of the satellites of Saturn was only discovered 
a few years ago renders the discovery of a satellite of 
Mars by no means so great an improbability as might 
be imagined.” 

‘ Swift seems to have had a hearty contempt for 
mathematicians and astronomers, which he has ex- 
pressed in his description of the inhabitants of Laputa. 
Voltaire shared this contempt, and delighted in 
making fun of the philosophers whom Frederick the 
Great collected at Berlin. The“pere Castel” may 
have been ■' le p5re Louis Castel,” who published books 
on physics and mathematics at Paris in 1743 and 
1758. The probable origin of these speculations 
about the moons of Mars was, I think, Kepler’s 
analogies. Astronomers failing to verify these, an 
opportunity was afforded to satirists like Swift and 
Voltaire to ridicule such arguments.’ ^ 

As I have already said, these prognostications 
were at length verified by Professor Asaph Hall in 
the discovery of two satellites, which he named 
Phobos and Deimos— I’ear and Panic, the dogs of war. 
The period of Beimos is about 30 hours, and that of 
Phobos somewhat less than 8 hours, whilst the Martian 
day is of nearly the same length as our own. The 
month of the inner minute satellite is thus less than 
a third of the planet’s day ; it rises to the Martians 
in the west, and passes through all its phases m a 
few hours ; sometimes it must even rise twice in a 
single Martian night. As we here find an illustration 

' Ohm'vatiim.i fiwl Orhitu of the SatelUtes of Mars, by A.saphHall. 
W'a.4iinBt(>u, (lov(.>riunent I'rinting Office, 1878. 



268 


TIDAL FKICTION 


«’H. XX tl 


of the condition foreseen for the oartli and moon, it 
seems legitimate to supposo that solar tidal frictixm 
has retarded the planet’s rotation until it has hocomo 
slower than the revolution of one of the Hatellites. 
It would seem as if the ultimate fate of PIioIhjh will 
he absorption in the planet. 

Several of the satellites of Jupiter and of Saturn 
present faint inequalities of colouring, and tflowxopic 
examination has led astronomers to believe that tht>y 
always present the same face to their planotH. The 
theory of tidal friction would certainly load us to 
expect that these enormous plaiuits should work f)ut 
the same result for their relatively small satellites, 
that the earth has produced in th<! moon. 

The proximity of the planets Mercury and Vonufl 
to the sun should obviously render solar tidal friction 
far more effective than with us. Tho dotennination 
of the periods of rotation of these planetH thus 
becomes a matter of much interest. But tho mark* 
ings on their disks are so obscure that the rales of 
their rotations have remained under disenssion for 
many years. Until recently the prtjvailing opinion 
was that in both cases the day was of Jiearly tho saino 
length as ours ; but a few years ago Hxduapareili of 
Milan, an observer endowed with extraordinary acut«** 
ness of vision, announced as the result of his ohsttrva- 
tions that both Mercury and Venus rotate only oneo 
in their respective years, and that <«wh of them 
constantly presents the same face to the sun. These 
conclusions have recently been confirmed hy Mr. 
Percival Lowell from observations made in Aris?ona. 
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Although on reading the papers of these astronomers 
it is not easy to see how they can be mistaken, yet it 
should be noted that others have failed to detect the 
markings on the planet’s disks, although they 
apparently enjoyed equal advantages for observation.^ 
If, as I am disposed to do, we accept these observa- 
tions as sound, we find that evidence favourable to 
the theory of tidal friction is furnished by the planets 
Mercury and Venus, and by the satellites of the earth, 
Jupiter and Saturn, whilst the Martian system is yet 
more striking as an instance of an advanced stage in 
evolution. 


It is well known that the figure of the earth is 
flattened by the diurnal rotation, so that the polar 
axis is shorter than any equatorial diameter. At the 
present time the excess of the equatorial radius over 
the polar radius is of either of them. Now 

in tracing the history of the earth and moon, we found 
that the earth’s rotation had been retarded, so that 
the day is now longer than it was. If then the solid 
earth has always been absolutely unyielding, and if 
an ocean formerly covered the planet to a uniform 
depth, the sea must have gradually retreated towards 
the poles, leaving the dry land exposed at the equator. 

» Dr. See, a member of the staff of the Flagstaff Observatory, 
Arizona, tells me that he has occasionally looked at these planets 
through the telescope, although he took no part_ in the systematic 
observation. In his opinion it would be impossible for any one at 
Flagstaff to doubt the reality of the markings. There are, however, 
many astronomers of eminence who suspend their judgment, and 
await confirmation by other observers at other stations. 
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If on the other hand the solid earth had formc*rly it» 
present shape, there must then have boon polar 
continents and a deep equatorial sea. 

But any considerable change! in the aptn-d of the 
earth’s rotation would, through the. action of gravity, 
bring enormous forces to bear on the solid earth. 
These forces arc such as would, if they acte-d on a 
plastic material, tend to restore the planet’s iigttre to 
the form appropriate to its chaitged rotation. It has 
been shown experimentally by M. Tresca and cithers 
that even very rigid and elastic substances lose their 
rigidity and their elasticity, and hiccomo plastic under 
the action of sufiiciently great forccis. It appears to 
me therefore legitimate to hold to the belief in the 
temporary rigidity of the earth’s mass, as explained 
in Chapter XV., whilst contending that under a 
change of rotational velocity the earth may have 
become plastic, and so have maintained a figure 
adapted to its speed. (}eologic.al observation shows 
that rocks have been freely twisted and bent lu'ar the 
earth’s surface, and it is imimssiblo to dendit, that 
under altered rotation the deeper jKjrticms of tlm 
earth would have been subjected to very great stresH. 
I conjecture that the internal layers might udapi 
themselves by continuous flow, whilst the* supc-rficial 
portion might yield impulsively. KanliquakcH are 
probably due to unequal shrinkage! of the planot in 
cooling, and each shock would tend to bring the 
strata into their position of rest ; thus tl«! earth'M 
surface would avail itself of the opportunity afTorded 
by earthquakes of acquiring its jiropc-r shape. Tim 
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dopoHit in tlie sea of sediment, derived from the 
denudation of continents, affords another means of 
adjustment of the figure of the planet. I believe then 
that the earth has always maintained a shape nearly 
appropriate to its rotation. The existence of the 
(••ontinents proves that the adjustment has not been 
IK'rfcet, and wo shall see reason to believe that there 
has been also a similar absence of complete adjust- 
ment in the interior. 

But the opinion here maintained is not shared by 
the most eminent of living authorities, Lord Kelvin ; 
for he holds that the fact, that the average figure of 
the earth corresponds with the actual length of the 
day, proves that the planet was consolidated at a 
time when the rotation was but little more rapid 
than it is now. The difference between us is how- 
ever only one of degree, for he considers that the 
power of adjustment is slight, whilst I hold that it 
would be sufficient to bring about a considerable 
change of shape within the period comprised in 
geological history. 

If the adjustment of the planet’s figure were 
porf**ct, the continents would sink below the ocean, 
which would then be of uniform depth. But there is 
no Huiicrficial sign, other than the dry land, of absence 
of udajitation to the present rotation — unless indeed 
the deep imlar sea discovered by Nansen be such. 
Yet, as I have hinted above, some tokens still exist in 
tlu! earth of the shorter day of the past. The detec- 
tion of this evidiiiicc depends however on arguments 
of so technical a character, that I cannot hope in such 
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a ■work an tins to do more than indicates tlu* imf urt- of 
tlio proof. 

The earth in dwiaor towarda the thati «nit- 

Hido, and the layerH of equal dejiHil.y ar»t (unir»*iil.i‘if. 
If then the inatorialH were jMjrfeetly plantic thruHgh- 
out, not only the Hurftree, hut alao each of thevi' 
layerH ■would he tlattoned to a dcltidte extent, wiiieh 
depends on the rate {*f rotation and cm th<i law 
governing the intornal density of the t<arth. Altlnuigii 
the rate at which the earth gets denser is unkmwu, 
yet it is pcmsihle to assign limits to the donaity at 
various depths. Tims it can he proved that nl imy 
internal point the density must lie Imtaeoii two 
values which deiauid on the position of the iwiint in 
question. So also, the dc-greo •>{ Haitcming mi any 
internal point is found to lie lattween two extreme 
limits, provichsd that all tint intcjrnal Inyore are 
arranged as they would las if the whole mawH were 
plastic. 

Now variations in the law of internal density and 
in the internal flattening would hetray themsi»lvc-« to 
our observation in mweral ways. In the lirHt plae.- 
gravity on the earth’s surface would l«c changtHl. The 
force of gravity at the polos is greater than tit the 
equator, and the law of its variation aecoriiing fc* 
latitude is known. In the sectmd place* the iintmtnt 
of the llaltening of the earth's surface wintld h.* 
altered, and the present figure (»f the earth ie. litenvn 
with considijrahle exactness. Thirdly the* ligtin* and 
law of density of the earth govern a* eertain irregn 
larity or inequality in the mwm’s motioji, which lia* 
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boon carofully cvaluiited by astronomers. Lastly the 
prcicoHKional and nutatioual motion of the earth is 
detcnninod by tbo sarno causes, and these motions 
also arc accurately known. These four facts of 
observation - gravity, the ollipticity of the earth, the 
lunar in{innality, and the preeessional and nutational 
Tuotioji of the earth — are so intimately intertwined, 
that one of them cannot bo touched without affecting 
the others. 

Now Rdouard Roche, a French mathematician, 
has shown that if the earth is perfectly plastic, so 
that each layer is exactly of the proper shape for 
the existing rotation, it is not possible to adjust the 
unknown law of internal density so as to make the 
values of all those elements accord with observation. 
If the density bo assumed such as to fit one of the 
data, it will produce a disagreement with observation 
in others. If, however, the hypothesis be abandoned 
that the internal strata all have the propc-r shapes, 
and if it be grant(id that they are a little more 
flattened than is due to the present rate of rotation, 
the data an* hannoniHod together ; and this is just 
what would bo expected according to the theory of 
tidal friction. But it would not bo right to attach 
great weight to this argument, for the absence of 
harmony is so minute that it might be plausibly 
explained by errors in tbo numerical data of observa- 
tion. I notico, bowciver, that the most competent 
judf'CH of this intricate subject are disposed to regard 
the discrepancy as a reality. 


T 
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We have soon in the pnwdiiiK chnitli r ijui} t}i*> 
length of day has changed Imt litth( within InVlnfiinil 
times. But the period compriHfd in wriilt-n hiMory 
is almost as nothing compared witii tln’ \\]t>*le 
geological history of tlu! (wth. We oiiplii ilen 
consider -whother geology fiiriiisheH any 
hearing on thetluiory of tidal friction. The mete<ic«i. 
logical conditions on the t^tirth are depemient to n 
considerable extent on tlu! diurnal rotation of ilm 
planet, and therefore, those condititioH nniMt hav® 
differed in the past. Oiir slonuH iir<* of the nafnro of 
aerial eddies, and they derive their rolntion from that 
of the earth. Accordingly storms wto-e proltahly tiior« 
intense when the earth spun more rapidly. Tlw 
trunks of trees should he sti'ongiT than limy are now 
to withstand more vioktnt storniH. Hut I cannot 
learn that there is any direct goidogica! «ividcne« 
on this head, for dwiducnis trees with stiff trnnkii 
seem to have been a luodern produet of geological 
time, whilst tlui oarlu^r trees nujre nearly resi'Uihiial 
bamboos, wliicli yield to tins wiml instead of sliimling 
up to it. It seems possihle that trees and phmls 
would not he exterminated, tsven if they sutl'en d far 
more wreckage than they d(» now. If trees with stiff 
trunks could only withstand the sirtiggle for . uKteJe’c 
when storms became moderate in intenHify. thi ir 
absence from earlier geological fornuilions vv«nild h*- 
diiectly due to the greater rapidity of the eurth's 
rotation in those times. 

According to our theory Ihc thicH on tin* sea- 
coast. must certainly have had a tnuch wider raitgn 
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and riv<'r floods must probably have been more 
Kovisrc'. The ([uestion then arises whether these 
agencies should have produced sedimentary deposits 
of coarser Krain than at present. Although I arn no 
g(‘ologist, I venture to e.xpress a doubt whether it is 
possible, to tell, within very wide limits, the speed of 
the euriHuit or the, range of the tide that has brought 
down and distrihutc'd any sedimentary deposit. I 
doubt whether any geologist would assert that floods 
might not have been twice or thrice as frequent, or 
that the tide might not have had a very mucih greater 
range than at presimt. 

In sonn^ g<!ologieal strata ripple-marks have been 
preserved which (sxactly resemble modern ones. This 
has, I heli('.ve, he.en adduced as an argument against 
the o-xistence of tides of groat range, Hippies are, 
however, never produced by a violent scour of water, 
but only by gentle currcmts or by moderate wavtis! 
The turn of the tide must be gentle to whatever height 
it rises, and so the formation of ripple-mark should 
have no relationship to the. range of tide. 

It app<'ars then that- whilst geology affords no 
direct confirmation of the theory, yet it does not 
pnmont any evidence inconsistent witli it. Increased 
activity in the factors of change is important to 
geologists, since it renders intolligihle a diminution in 
the time occu|)ied by the history of tlu! eartli ; and 
thus brings the views of the geologist and of the 
physicist into bettor harmony. 

Although in this discussion I have maintained the 
poHsihility that a considerable portion of the changiis 
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due to tidal friction may hav(UK!ciirr(>«hvit liin gcologiml 
history, yet it seems to me prtjhahle that- tii« jsmiter 
part must bo referred back to prti-Kt'oIof'ical tiiiu'i*, 
when the planet was partially or entirely molli-n. 


The action of the moon and stm on a plaatic and 
viscous planet would have an effect of wliieh Home 
remains may perhaps still bo tractahU^. The rolativn 
positions of the moon and of tho fricthniuilly retarded 
tide were illustrated in tho last chapUtr by fig, Jffk 
That figure shows that tho earth’s njtation is retarded 
by forces acting on the tidal protuberaiioos in a 
direction adverse to the planet’s rotaticni. As Hi® 
plastic substance, of whicdi wo now suppose tho {danat 
to be formed, rises and falls rhytlnuically with the tide, 
the protuberant portions are continually sulijoet to 
this retarding force. Moinwhile the internal j«»rtinn» 
are urged onward by the im-rtia duti t«» their vidoeity. 
Accordingly there must bo a slow motion of the more 
superficial portions with roferonce to tho interior. 
From the same causes, undor present eondiliojis, 
the whole ocean must havo a slow wosterly drift, 
although it has not been detected by observation. 

Eeturning however to our plastit; plnni t, tin* 
equatorial portion is subjected to greatt-r force than 
the polar regions, and if meridians were painied on 
its surface, as on a map, they would grtnhtHlly 
become distorted. In the equatorial belt tint original 
meridional Hnes would still run uortli and south, hut 
in the northern hemisphere they would trend townrd.4 
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tlio niirUi-iiast, atid in the southern lunniKphorci to- 
wards tlui south-east. This distortion of the surface 
would cause the surface to wrinkle, and the w’rinklos 
should bo warped in the directions just ascribed to 
tluf meridional linos. If the material yioldcjd very 
i^asily .1 imagine that the wrinkles would be small, but 
if it were so stiff as only to yield with difficulty they 
might be large. 

There! can be no doubt as to the correctness of 
this e.oncluKion as to a stiff yet viscous planet, but the 
application of tlu^so ideas to the earth is hazardous 
and highly speculative. We do however observe that 
the continents in fact run roughly north and soixth. 
It may appear fanciful to note also that the north- 
eastern coast of America, the northern coast of 
China, and the southern extremity of South America 
have the proper theoretical trends. But the north- 
wc.Htern coast of America follows a line directly 
adverse to the theory, and the other features of the 
globe are by no moans sufficiently regular to inspire 
much conlidonce in the justice of the conjecture.® 


We must now risvort to the astronomical aspc'-cts 
of our probbfin. it is natural to inquire whether the 
theory of tidal friction is competent to explain any 
peculiarities of the motion of the moon and earth 
other than those already considered. It has betsn 
supposed thus far that the moon moves over the 

^ aino W« Priny;, Tarnum apimrmU dm * Annuair# 

de I’Obii* li. di Bruiiilki/ 
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oarth’H equator in a circular orbit, tmcl tlmi tiii* 
equator coinculf'H with tho plane in which llif earth 
movoH in itn orbit. But the moon iictuall.v n)o\e>« in 
a plane dilTorent from that in which the curth revolves 
round llui huh, lu't orbit in not eirculiir but elliptic, 
and llu! oarth’B eipiator in obli(|U(> t<i the mlii!. \\v 
muHt eoiiHider Ibon lunv tidal fric.tirni will ntfi'cl thew 
three fa,(;l.orH. 

Let us begin by considering the ohiiquity of the 
equator to tlui ecliptic, which producoH tin* swiarmal 
ehangOH of winter and Hunnmu'. Tlu* problem in- 
volved in the disturbance of the motion of a rotating 
body by any external forcts is too complex for treat- 
ment by general reasoning, and 1 sball not attumpt 
to explain in detail the intoraetion nf tho inmni and 
earth in this respect. 

The attractions of tlie moon niitl aun on th® 
O(piatorial protuberance of tlie earth catiMi th® 
earth’s axis to move slowly and contimmuHly wdtii 
reference to tlio iixod stars. At prtwont th« axis 
points towards tho pole-star, but years Itoticc 

the present pohj-star will he 47” diatant from fhr 
pole, and in another 1!?,0()0 years it will again he Iht* 
pole-star. Throughout this precessionnl nawement, 
the obliquity of tho equator to the, <*eiiptic remains 
constant, so that winter and sumumr rttnuun as at 
present. There is also, suporposwl on ilm prcccnsbni, 
the nutational or nodding motion (»f the {wdo to 
which I referred in Chapter XV, In tint ulwcnco «d 
tidal friction tho attractions of the m<i<*n ami sun »«) 
the tidal protuberance would slightly uugunint tlii’ 
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pmtcssion <Iuo to the solid equatorial protuhcrance, 
and would a<ld wu-taiii very minute nutations of the 
Karth’s axis; the amount of these tidal effocts is how- 
ever (juito iusiguilicant. But under the inlluence of 
tiilal friction the matter assumes a different aspect, 
for th<‘ earth’s axis will not return at the end of each 
nutation to exactly the same position it would have 
had in tlu', ahseuco of friction, and there is a minute 
residual elhsct whi(ih always tends in the same di- 
rection. A motion of the pole may he insignificant 
when it is perfectly periodic, but it becomes impor- 
tant in a very long [loriod of time when tlie path 
dcHcnhed is not absolutely re-entrant. N ow this is the 
<aiHo with regard to the motion of the earth’s axis 
under the. inlluence of frictionally retarded tides, for 
it is found to be subject to a gradual drift in one 
direction. 

In tracing tho history of the earth and moon 
backwards in time we found tho day and month 
growing shorter, hut at such relative speeds that the 
number of days in the month diminished until the 
day and month became equal. This conclusion 
remains correct when the earth is oblique to its orbit, 
hut tho <!ffect ou tho oblitiuity is found to depend in a 
remarkabU". manner upon the number of days in the 
mouth. At present and for a long time in tlie past 
th(> ohliipiity is incnuising, so that it wassmallor long 
ago. But on going hack to the timo when the day 
was six and the month twelve of our prosent hours, 
we llnd that tlus tendency for tho obliquity to increase 
vauishea. In other words, if there are more than 
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twi) (layn in a nmnUi the oLli(|ui).v ^ul! iitrri’iw**, if 
loHH than two it will (limiiiwh. 

Whatever may hts the niiinher of ilajH in the 
month, the rate of increaHis or diminution of ohliijui!) 
varioH an (he ohliquity whieh esiata at the iiioimin 
under coriHideration, If then a idaiiet he ajunning 
about an axia ahHoluhdy iierjiendienlar to (he jdiiiie «if 
its Hatellite’H orbit, the ohli«|uit.y reiitaiiiH invariable. 
But if wo impart iidiniteHiinal ohlitpiity to a pliHirl 
whoHO day ia Iohh than half a nmnlh, that tnlini- 
toHiinal obliiinity will inmaiae ; whilMt if the day 
ia more than half a month the inttniteHintal ohli({utly 
will diminiHh. AecordiiiKly the motion of a planet 
Hpinning upright in Ktahht if there arc Iohh than two 
days in a month, and utjstohlo if there are more than 
tw(». 

It is not higitimato to aaeriho tho wholo of th« 
present ohiiipiity of *i5t|" to tho irtthienei* (jf tidal 
friction, hiscanse it appears that wlmn therti w«r« 
only two days in the month the obliiptily was still 
as much as ll". It is monwver imiMmsihlo to explain 
the couHiderahlo ohlhjnity of the other phinuts to 
their orhits liy this cauHO. It must therefore be 
granteil that ihortt was soino miknowu eansu which 
started the planets in rotation about axi s oblinpic to 
their orbits. It remains hoxvrivor e«-rtiiin llisit a 
planet, rotating primitively without cd*li»|uit.v, would 
gradually become inolmed to its oildl, althouph 
probably not to so great an extent as wc find in the 
case of tins earth. 

The msxt subject to bo coiwiilercd is the fuel that 
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tho moon’s orbit is not circular but eccentric. Here 
sigain it is found that if the tides were not subject to 
friction tboro would be no sensible effect on the shape 
of tho mot)n’K path, but. tidal friction produces a 
roac.tion on the moon tending to change the degree of 
eccentricity. In this case it is possible to indicate b 
general roawuiing the manner in which this reaction 
oporat(‘H. We have seen that tidal reaction tends to 
iiicreaso tho moon’s distance from tho earth. Now 
when tho moon is nearest,' in perigee, the reaction is 
stronger than when she is furthest, in apogee. The 
olToct of the forces in perigee is such that the moon’s 
distance at the next succeeding apogee is greater than 
it was at tho next preceding apogee; so also the 
effect of the forces in apogee is an increase in the 
porigeal distance. But the perigeal effect is stronger 
than the apogeal, and therefore the apogeal distances 
increase more rapidly than the perigeal ones. It 
follows therefore that, whilst the orbit as a whole 
expands, it becomes at the same time more eccentric. 

The lunar orbit is then becoming more eccentric, 
and num(!rical calculation shows that in very early 
titties it must have been nearly circular. But mathe- 
niatictd analysis indicates that in this case, as with 
tho oblitjuily, tho rate of increase depends in a 
romtirkiUilo nuuincr upon the number of days in the 
month. 1 find in fact that if eighteen dtiys are less 
than tdcviiu itionths the eccentricity will increase, but 
in the converse case it will diminish; in other words 
the (u-iliciil stage at which the eccentricity is stationary 
is when 1 days is equal to the month. It follows 
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from tluH iluit tho circular orbit of lb'‘ wit' HiD* 
(lynami<mll.v Htablc or uiiHtablfl ai-conliitK :ih t diiyi* 
iH h'HH or f'roEor than the motif !i. 

T’hu (in\‘c.t of iitlal friction on the ci'cmit ricily hrii» 
bocu matlo tlio basiH of extouHivo awtronoiniciil cjiccii* 
latioiiH by Dr. Ktit*. I Hliall revert to fhiM in 

Chapter KIX., anti will hero nicroly rctnurk that 
ByHlciuH of (Itmbltt atarH tiro foniul to rovttlvo about 
one another in orbitn of great t‘cet*nlrieity, nn4 
that Dr. Heo HUpiiOHea that tho emutf ricity ban 
ariaim from tho tiilal action of ctich alar on llit* 
other. 

'I'ho biHt elToct of tidal friction to wliidi 1 httv® to 
refer is that on tho plane of the moon'H orbit. Th» 
lunar orbit in incliuBtl to that of tho I’tirth roiitnl 
sun at an angle of 5 ", and the problem to to wilwd 
is as to tho nature of tho elTect of tidal friction on 
that inclination. The nature of the reliiticin of th# 
moon’s orbit to tho ecliptic is Iiowevi<r Koeoiiipk** that 
it appears hopeless to exjilain thoelfectHof tidal action 
without tho use of mathematical language, and I mnat 
frankly give up the attempt. 1 may however Hf ate that 
when tho moon was near the earth she must have 
moved nearly in the plane of the earth’s I'lpinfor, but 
that tho motion gradually changed so llmt she has 
ultimately oome to move nearly in the jiliuie of the 
ecliptic. Those two extreme oaseH are easily inb Hi- 
gible, but the transition from one case to the other w 
very complicated. It may sullice for this I'em m! 
account of tho subject to know that tho ollVetn of 
tidal friction aro quite consistout with tho prosout 
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condition of tlui moon’s motion, and mth the rest of 
the history wliich has been traced. 

This discussion of the effects of tidal friction may 
1)0 stnumed up thus : 

If a planet consisted, partly or wholly of molten 
lava or of other ilnid, and rotated rapidly about an 
jixis i)e,rpondicular to the plane of its orbit, and if that 
l)lauet were, atbmded by a single satellite, revolving 
with its month a little longer than the planet’s day, 
then a system would necessarily be developed which 
would have a strong resemblance to that of the earth 
and moon. 

A theory reposing on rcra caime wliich brings 
into qmintitativo correlation the lengths of the present 
day and montli, the obliquity of the ecliptic, the 
eccentricity and the inclination of the lunar orbit, 
should liave strong claims to acceptance. 
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CHAPTEE XVIII 

THE EIGURE8 OP EQUIIiIBBIOM OP A ROTATING MASS 
OP LIQUID 

The theory of the tides involves the determination of 
the form assumed by the ocean under the attraction 
of a distant body, and it now remains to discuss the 
figure which a rotating mass of liquid may assume 
when it is removed from all external influences. The 
forces which act upon the liquid are the mutual gravi- 
tation of its particles, and the centrifugal force due to 
its rotation. If the mass be of the appropriate shape, 
these two opposing forces will balance one another, 
and the shape will be permanent. The problem in 
hand is, then, to determine what shapes of this kind 
are possible. 

In 1842 a distinguished Belgian physicist, M. 
Plateau,' devised an experiment which affords a 
beautiful illustration of the present subject. The 
experiment needs very nice adjustment in several 
respects, but I refer the reader to Plateau’s paper for 
an account of the necessary precautions. Alcohol 

1 Ho IB juHtly colobrated not only lor kis diHeov(sri('H, but alno 
for luH Hpl(ai(U(l x)(U‘HOveranc© in continuing Iub roBoarcboH after 
ho had bocomo totally blind. 
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and water may bo ho mixed as to have ihc wine ib n* 
sity an olive oil. if th« adjimtiueiil of di Ji-.ify in 
sufficiently exact, a niaHH (»f oil will lloaf in (lie nux- 
turo, in the form of a Hidierieal glolmle, aidnmf «iiy 
tendency to riwt itr fall. The oil in UntH \irumlly 
relieved from the elToc.t of j^ravity. A HtraiKh* 
carrying a nmall ciirciilar dmk at right anglee to ifw if, 
is then introduced from tint top of the veMHel. Win n 
the disk reachem the globule, the nil auttiiinUically 
congregates itself round tho disk in a sjdiericM! form, 
syininetrical with the wire. 

The disk is then rotated slowly and uniformly, 
and carries with it thc« oil, but leav«>H the Hurromnliiig 
mixture at rest. Tho globule is then himui to la'cnnw 
flattened like an orangc\, and im tin? mtatioii ijuiekeiw 
it dimples at tint eeiitre, and linaily dt*taelio« ilwlf 
from the disk in the fcu'in of a iH»rfeet ring. TIiIh latter 
form is oidy tratisient ; for the oil usually idotaw in iigiiitt 
round tho disk, or Hometinies, with slightly diffwiuit 
manipulation, the ring may break into drojw wliii-h 
revolve round the centro, rotating round their axes 
as they go. 

The fore.o whicli holds a dro]» of wider, or this 
globule of oil, together is called ‘surfaeu tensiott ' or 
'capillarity.’ It is due to a eortuin nioleeuhir ttilrae* 
tion, quite distinct from that of gravitation, nnd it 
produces tlie same effect as if llmstirfiiee of tlo' liquid 
were enclosed in an elastic akin, 'rbrn-e is of i-ourM^ 
no actual skin, and yet when the liquid is ulirrrd the 
superficial particles attract their tomiHirary neighhonw 
so as to restore tho suporficial olasfieity, I'ontitoiotiitiy 
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and inimcHliattdy, Tlin intensity of Hurfaee ItniHioii 
dqxindH on Uu‘ naiun* of the materml \villi wliich ilw 
Ihiuid in in ocahaci ; ihuH there is a detiniio degree of 
tennion in the skin of olive tnl in eontaet with H|Hrits 

and wai(*r. 

A globule at tieccsHHurily asHuineH the form of 
a HplauHi undiu* tlu‘ notion (d* Hurfaee letmiom but 
wlu‘n it rolatt^s it is dintortiul hy eentriftigal fcjretn 
^riuq)olnr ri‘gionH bt^como h*HH eurved, and the. (H|ua- 
ttu'ial region Inn'ornen tuons eurvcuh until the of 

the r(‘taining powc^r at tla^ e<ptator over that at the 
poles is Huffndtmi to restrain the ecuitrifugal forcH^. 
Aeeordingly tlu^ struggle lH*tvvecui Hurfaca*. tcumion and 
centrifugal foret' resnlts in the aHSumptiou hy i\us 
globule of an orange-like BliapOi or, with greater 
Hpe<al of rotation, of the idlier tigma^s of ecpuHhrium. 

In very nearly tht‘ name, way a birgt^ muHS of 
gravitating and rotating liquid will naturally a-HHunut 
tHU'tain cUdiniti^ forms. The Himpkmt easii of the kind 
is when the fluid is at rest in spaciq withcuit any 
rotation. Then mutual gravitation in tln^ oidy f<ntH^ 
whicdi hvXh on the Bystetm d’hc* wat(*r will (yhvituiHly 
crowd together itito the Hmalh'.st poHsildt^ Hpa(’i% so 
that ev(*ry pa,rtiele may get a*H m^ar to the tuudre a^ 
its mighhours will let it, I HuppoHe the wader to he 
ineojupn^sHilile, s<i tluit thc^ eentra.1 portitm, altljougjt 
pn^BHcsl hy that which l!<*H outside of it, do<‘H not 
iHicome. UKua* di»nse ; aatd so the watcu' d(H*H Ufit 
more p(U’ cubic fta^t tiear the ccuitre than towanls tlie 
ouisidi*, Hin(*e there is no upwaaalH and <lo\vnward.i» 
or right and hift about the system, it must he synn 
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metrical in every direction ; and f lu* only lif'uro wliiidi 
possesses this quality of univ(U‘Ha,l syumictry is Iluj 
sphere. A sphere is then said to Iki a Ii{;'urc> of cijuili- 
brium of a mass of fluid at rest. 

If such a sphere of water wore to lx- sliolifly 
deformed, and thou released, it would osoillah^ to anti 
fro, but would always maintain a nearly splierical 
shape. The speed of the oscillation (li'peiuls on flie 
nature of the defojrmation impressed upon it. If the 
water were flatteied to the shapf' of an orangt' and 
released, it would spring back towards the spherit-al 
form, but would overshoot the mark, and pass on to 
a lemon-shape, as much elongated as the orange was 
flattened. It would then return to the orange-shaptj, 
and so on backwards and forwards, passing through 
the spherical form at each oscillatitm. This i« the 
simplest kind of oscillation which iho systom can 
undergo, but there is an infinite numhcr of other 
modes of any degree of complexity. The inatlnmia* 
tioian can easily prove that a liquid globe, of the same 
density as the earth, would take an hour and a half 
to pass from the orange-shapo to the hanon-HliajK', 
and back to the oraugo-shapo. At pnisent, the (*xact 
period of the oscillation is not the important point, 
but it is to he noted that if the body ho sfst oscillating 
in any way whatever, it will continue to ostdllaks and 
will always remain nearly spherical. Wis say then ‘ 
that the sphere is a stable form of eijuilihriuw of a 
mass of fluid. The distinction between stability and 
instability has been already illustrated in Chapter 
XVI. by the cases of an egg lying on its side and 
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balanced on its end, and there is a similar distinction 
between stable and unstable modes of motion. 

Lot UB now suppose the mass of water to rotate 
slowly, all in one piece as if it were solid. We may 
by analogy with the earth describe the axis of rota- 
tion as polar, and the central plane, at right angles to 
the axis, as e<iuatorial. The equatorial region tends 
to move outwards in consequence of the centrifugal 
force of the rotation, and this tendency is resisted by 
gravitation which tends to draw the water together 
towards the centre. As the rotation is supposed to 
bo very stow, centrifugal force is weak, and its effects 
arc small ; thus the globe is very slightly flattened at 
the. polos, like an orange or like tlie earth itself. Such 
a body resembles the sphere in its behaviour when 
disturbed ; it will oscillate, and its average figure in 
the course of its awing is the orange-shape. It is 
therefore stable. 

But it has been discovered that the liquid may 
also asaume two other alternative forms. One of 
these is extremely flattened and resembles a flat 
choose with rounded edges. As the disk of liquid is 
vtsry wide, the centrifugal force at the equator is very 
great, although the rotation is very slow. In the ease 
of the orange-shaped figure, the slower the rotation 
the less is the equatorial centrifugal force, because it 
diininiBhea l)oth with diminution of radius and fall 
of speed. But in the cheese-shape the equatorial 
otntrifugal force gains more by the increase of 
f‘(|ual()vial radius, than it loses by diminution of 
jrotaiion. Therefore the slower the rotation the 
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broader the disk, and, if the rotation wore iniinituly 
slow, the liquid would bo an inlhiitely thin, Jiat, 
circular disk. 

The cheesa-like form diilcrH in an important re- 
spect from the orange-like form. If it were aliglitly 
disturbed, it would break up, jirobably into a number 
of detached pieces. Thu nature of the bn!ak-u]( 
would depend on tlie distriirbunee from wlii<-li it. 
started, but it is iinposail)lo to tiauas tlui delailn of the 
rupture in any case. We nay then that the ehiHise- 
shape is an unstable figure of eijuilibriuui of a rotating 
mass of liquid. 

The third form is striJjingly dill'erent from 
either of the preceding ones. Wo must now imagine 
the liquid to he shaped like a long cigiu*, and to be 
rotating about a central axis perpendicular to its 
length. Here again the ends of tho cigar are so 
distant from the axis of rotation, that tho centrifugal 
force is great, and with infinitely slow rotation the 
figure becomes infinitely long and thin. Now this 
form resembles the cheese in being uuHtable. it is 
remarkable that these throe forms are indepemlcnt nf 
the scale on which they are constructed, for tlmy lire 
perfectly similar whether they contain a few iioimds 
of water or millions of tons.® If the period of ndiitiim 
and the density of the liquid are given, tho shiipos ;ir»i 
absolutely determinable. 

The first of the three figvtres rcRcniblos llm earth 
and may be called the planetary figure, and I may con- 

“ It is supposed that they are more tliaii a ti'action of im inch 
across, otherwise surface teasion would bo callod into play. 
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tinue to rofur to the other two as the cheese-shape and 
tlu) ci^ar-shapes. The planetary and cheese-shape 
are HoinetiincH called the spheroids of Maclanrin 
after thoir discoverer, and the cigar shape is generally 
nainotl after -lacohi, the great German mathematician. 
For slow rotations the planetary form is stable, and 
the cheese and cigar are unstable. There are 
probably other poHsiblo forms of equilibrium, such as 





Sections of Jacobi's Ellipsoid 
Fiu. 87 

a ring, or several rings, or two detached masses re- 
volving about one another like a planet and satellite, 
hut for the present I only consider these three 
forms. 

Now imagine throe equal masses of liquid, infi- 
nitely distant from one another, and each rotating at 
the same slow speed, and let one of them have the 
plaimtary shape, the second the cheese-shape, and 
tho third tho cigar-siiape. When the rotations are 
simulkiueously and etiually augmented, we find the 
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planetary form becoming flatter, tlio checst^-form 
shrinking in diameter and thickening, juid tin* cigar- 
form shortening and becoming fatt(‘r. 'I’lnna* is as 
yet no change in the stability, tlio first rcmniining 
stable and the second and tbiial tinstablc. 'i'hn thri i' 
figures are illustrated in fig. B7, but the cigar-Khapc 
is hardly recognisable by that name, since if. lui' 
already become quite short and its girth is c(»n- 
siderable. 

Now it has been proved that as tlw cigur-shape 
shortens, its tendency to l)reak-up laa-onma less 
marked, or in other words its degree of instability 
diminishes. At a certain stage, not as yet oxaetly 
determined, but which probably occurs when the 
cigar is about twice as long as broad, the instability 
disappears and the cigar-form just b(!Oomos stabl®. 
I shall have to return to the consideration of this 
phase later. The condition of the three figuros ia now 
as follows : The planetary form of Maclanrin has 
become much flattened, but is still stable! ; the cigar- 
form of Jacobi has become short and thick, and is 
just stable ; and the cheese-form of Maclaurin is wtili 
unstable, hut its diameter has shrunk so nnich, that 
the figure might be better described as a very flat 
orange. 

On farther augmenting the rotation the form of 
Jacobi still shrinks in length and increases in girtln 
until its length becomes equal to its greater breadth. 
Throughout the transformation the axis of rotation 
has always remained the shortest of the three', so that 
when the length becomes equal to the shorter e<|uatoriftl 
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(liainoier, the nhapo is not spherical, but resembles that 
()t a much llattenod orange. In fact at this stage Jacobi’s 
ligiiic of c(phlil>riuin has degenerated to identity with 
the planetary shape. One of the upper ovals in fig. 38 
riqu'cments the Boction of the form in which the plane- 
tary ligure and the cigar-figure coalesce, the former 
by contiiuKxiB Hattening, the latter by continuous 
Hhortcning. The other upper figure represents the 


riaiK'tary form (‘<>aIcHcant 
with «*lonKiatid £onn, 

juBt stahlo Elat unstable form 



Fig. 88 


form to which the cheese-like figure of Maclaurin has 
hcion rtuluced ; it will be observed that it presents 
some resemhlance to the coalescent form. 

Wh(di tlio rotation is further augmented, there is 
no longer the possibility of an elongated Jacobian 
figure, and there remain only the two spheroids of 
Maclaurin. But an important change has now super- 
vcnnul, for both those are now unstable, and indeed no 
stable form conBisting of a single mass of liquid has 
yet been discovered. 



294 


FIGURES OF EQUILIBRIUM 


CH. XYIII 


Still quickening the rotation, the two remaining 
forms, both unstable, grow in resemblance to one 
another, until at length they become identical in 
shape. This limiting form of Maclaurin’s spheroids 
is shown in the lower part of fig. 38. If the liquid 
were water, it must rotate in 2 hours 25 minutes to 
attain this figure, but it would be unstable. 

A figure for yet more rapid rotation has not been 
determined, but it seems probable that dimples 
would be formed on the axis, that the dimples would 
deepen until they met, and that the shape would then 
be annular. The actual existence of such figures 
in Plateau’s experiment is confirmatory of this con- 
jecture. 

We must now revert to the consideration of the 
cigar-shaped figure of Jacobi, at the stage when it 
has just become stable. The whole of this argument 
depends on the fact that any figure of equilibrium is 
a member of a continuous series of figures of the same 
class, which gradually transforms itself as the rotation 
varies. Now M. Poincare has proved that, when we 
follow a given series of figures and find a change from 
instability to stability, we are, as it were, served with 
a notice that there exists another series of figures 
coalescent with the first at that stage. We have 
already seen an example of this law, for the planetary 
figure of Maclaurin changed from stability to insta- 
bihty at the moment of its coalescence with the figure 
of J acobi. Now I said that when the cigar-form of 
Jacobi was very long it was unstable, but that when 
its length had shrunk to about twice its breadth it 
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became stable ; hence we have notice that at the 
inomi'.iit (tf chanf^e another series of forms was coales- 
ccnt with (he cigar. It follows also from Poincare’s 
investigation that the other series of forms must have 
lii‘(‘n stalile before the coalescence. 

Let UH imagine then a mass of liquid in the form 
of liieobi's cigar-shaped body rotating at the speed 
which just admits of stability, and let us pursue the 
s('ri(!K of ehangiis backwai-ds by making it rotate a 
littlf! slowesr. We know that this retardation of 
rotation kmgtlums Jaeol)i’s figure, and induces insta- 
bility, but Poincare has not only proved the existence 
and stability of the other series, but has shown that 
the shape is Roraething like a pear. 

Poincare’s figure is represented approximately in 
fig. !1H, but the mathematical difficulty of the p)roblem 
has lasen too giasat t,o admit of an absolutely exact 
drawing. The further development of the pear- 
shape is unknown, when the rotation slackens still 
more. There can, however, be hardly any doxrbt that 
the piiar bet^omes more constricted in the waist, and 
begins to resi'inble an hour-glass; that the neck of 
lb(‘ hmir-glasH becomes tlunner, and that ultimately 
flu' body sepa rates into two parts. It is of course 
likewise unknown up to what stage in those changes, 
Ikiineare’s figure retains its stability. 

I luu'o Tuyself attacked this problem from an 
('iitirely dilTereiit point of view, and my conclusions 
throw an interesting light on the subject, although 
ihey are very iuipc!rf(!ct in comparison with Poincare’s 
masterly work. To midorstnnd this new point of 
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view, •vve must eonskler a now sorioH of iigurcH, nanutly 
that of a liquid planet attended by a liquitl saltdlht*. 
The two bodies are supposed to niuve in n firtdt! 
round one another, and each is also lo re.volve! on its 
axis at such a speed as always to exhibit tlu^ hhiih' 
face to its neighbour. Such a system, allhini«h 
divided into two parts, may bo described fis a figure (jf 
equilibrium. If the earth wcu-e to turn round (Uice. in 
twenty-seven days, it would alway-s show to the moon 
the same side, and the mocui ac-tually does prewnf. 
the same side to us. In tliis case tlu! (sartli and the 
moon would form such a system as tliat 1 am descrih- 
ing. Both the planet and the Hatellihi are Hlightly 
flattened by their rotations, and each of thorn 
exercises a tidal influence on the other, whereby they 
are elongated towards the other. 

The system then consists of a liiiuid planet and 
liquid satellite revolving round one another, ho a« 
always to exhibit the same face to ono another, and 
each tidally distorting the other. It Ih curtain that 
if the two bodies are sufficiently far apart the Kyntem 
is a stable one, for if any slight disturbance be given, 
the whole system will not break up. IJut little is 
known as yet as to the limiting proximity of the 
planet and satellite, which will ensure stability. 

Now if the rotations and revolutions t)f the hodk's 
be accelerated, the two masses must bo brought nearer 
together in order that the greater attnudion may 
counterbalance the centrifugal force. But us tim two 
are brought nearer the tide-generating force incroas««.s 
in intensity with great rapidity, and aocor<lingl;>' the 
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tidal of the two bodies is much aug- 

A time will at length come when the ends of the 
two I)o(lic!H will just touch, and we then have a 
form shaped lilce an hour-glass with a very thin neck. 



Tli(> foinu is c.Uiarly Poincare’s figure, at an advanced 
stage of its evolution. 

Tlui figoire 8!) shows the form of one possible figure 
of this class ; it arises from the coalescence of two 
(u[ual masses of li(|uid, and the shape shown was 
(letcnniutul liy caloulation. But there are any number 
of dilTurent sorts of hour-glass shapes, according 
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to the relative sizes of the planet aiul satellit*! wliich 
coalesce; and in order to form a ctnitiiUKms 
with Poincare’s pear, it would hs; necessary to start 
with a planet and satollito of some, delluitely pntjMir- 
tionate sizes. Unfortunately I do not know wlnit the 
proportion may he. There ar(!, however, certain indi- 
cations which may ultimately I ('a< I to a coniploic^ Know- 
ledge of the series of figures from Jacobi’s cigar-shape 
down to the planet and satellite. It may be shown — 
and I shall have in Chapter XX. to consider thc> point 
more in detail — that if our li(iuid satellite had only, 
say, a thousandth of the mass of llu> jilnnet, and if 
the two bodies were brought maire.r one another, at a 
certain calculable distance the thlal action of the 
planet on the very small satellite would hetconie so in- 
tense that it would tear it to pieces. Accordingly the 
contact and coalescence of a very small satellite with 
a large planet is impossible. It is, however, certain that 
a large enough satellite— say of half the mass of th« 
planet — could he brought up to contact with tlu^ planet , 
without the tidal action of tlie plaiuit on the salollilt! 
becoming too intense to admit of the existence of tlui 
latter. There must then be some mass of tlm satellitis 
which will just allow the two to touch at the sanm 
moment that the tidal action of the larger on tln< 
smaller body is on the point of disrupting it, N«»w 
I suspect, although I do not know, that tlm scritfs i»f 
figures which we should find in this cams is in fact 
Poincare’s series. This discussion shows that tho 
subject still affords an interesting field lor future 
mathematicians. 



OH. xvin 


VARIATION OF GRAVITY 


299 


Theso invcistigations as to the form of rotating 
raasHoH of liquid arc of a very abstract character, and 
HCicin at lirst sight remote from practical conclusions, 
y(!t they have some, v(!ry interesting applications. 

The planetary body of Maclaurin is flattened at 
the poles like the actual planets, and the degree of its 
Jlattening is ('.xactly appropriate to the rapidity of its 
rotation. Although the planets are, at least in large 
part, eoinj)OHed of solid matter, yet that matter is now, 
or was oue-o, sxiHleiently plastic to permit it to yield to 
llu! enunnous forces called into play by rotation and 
gravitation. Ifenco it follows that the theory of 
Maclaurin’s figure is the foundation of that of the 
figures of planets, and of the variation of gravity at 
the various parts of their surfaces. In the liquid 
considered hitherto, every particle attracted every 
otluir particle, the fluid was equally dense throughout, 
and tho figure assirmed was the resultant of the 
battle between tho centrifugal force and gravitation. 
At every part of the liquid the resultant attraction was 
directed nearly, but not quite, towards tho centre of 
tho shape. But if tho attraction had everywhere 
been directed exactly to the centre, the degree of 
llattiiuiug would have been diminished. We may see 
that this must be so, because if the rotation were 
annullfld tho mass would bo exactly spherical, and if 
the rotation wore not annulled, yet the forces would 
bo such as to make the fluid pack closer, and so 
iiHHumu a more lU'arly spherical form than when the 
forcoH wore not alisolutely directed to the centre. It 
may bo shown in fact that the flattening is 2| times 
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greater in the case of Maclaurin’s body 
when the seat of gravitation is exactly centra 

In the case of actual planets the dense] 
must lie in the centre and the less dense oixti 
the central matter were enormously deins< 
superficial rock, the attraction would be 
towards the centre. There are then two 
cases in which the degree of flattening can b 
mined — one in which the density of the plane 
same all through, giving Maclaurin’s figure ; t 
when the density is enormously greater at tlic 
The flattening in the former is times as | 
in the latter. The actual condition of a rea 
must lie between these two extremes. Tlie 
ledge of the rate of rotation of a planet anc 
degree of its flattening furnishes us with some 
into the law of its internal density. If it 
much less flat than Maclaurin’s figure, we c 
that it is very dense in its central portion, 
way it is known with certainty that the 
portions of the planets Jupiter and Saturn ar 
denser, compared with their superficial portion 
is the case with the earth. 

I do not propose to pursue this subject i] 
consideration of the law of the variation of gra 
the surface of a planet ; but enough has been 
show that these abstract investigations hav< 
important practical applications. 
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Men will always aspire to peer into the remote pivst 
to the utmost of their power, and the fact that their 
success or failure cannot appreciably inlluonco thoir 
life on the earth will never deter them from such 
endeavours. From this point of view the investiga- 
tions explained in the last chapter aeejuire much 
interest, since they form the basis of the theories of 
cosmogony which seem most probable by the light of 
our present knowledge. 

We have seen that an annular figure of equilibrium 
actually exists in Plateau’s experiment, and it is 
almost certainly a possible form amongst celoslial 
bodies. Plateau’s ring has however only a transient 
existence, and tends to break up into glolmh's, 
spinning on their axes and revolving n)un(l tin* 
centre. In this result he saw a close analogy with tlm 
origin of the planets, and regarded his experiment «is 
confirmatory of the Nebular Hypothesis, of which I 
shall now give a short account.* 


My jmowledge of the history of the Nebular riyuothoc.irt i t 
entoly derived from an interesting paper by Mr. G. F. Ilixjhcr. 
^ Xaret as a NaiitraiPftftosop?i«r,‘ American Journal of Holouoc,* 
voi, V. Jb ep. lo98» 
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The first germs of this theory are to be found in 
Descartes’ ‘ Principles of Philosophy/ published in 
1644. According to him the sun and planets ■were 
represented by eddies or vortices in a primitive chaos 
of matter, which afterwards formed the centres for 
the accretion of matter. As the theory of universal 
gravitation was propounded for the first time half a 
century later than the date of Descartes’ book, it 
docs not seem worth while to follow his speculations 
further. Swedenborg formulated another vortical 
cosmogony in 1734, and Thomas Wright of Durham 
published m 1760 a book of preternatural dullness on 
the same subject. It might not have been worth 
while to mention Wright, but that Kant acknowledges 
his obligation to him, 

Tire Nebular Hypothesis has been commonly 
associated with the name of Laplace, and he un- 
doubtedly avoided certain errors into which his 
precursors had fallen. I shall therefore explain 
Laplace’s theory, and afterwards show how he was, 
in most respects, really forestalled by the great 
Gorman philosopher Kant. 

Laplace supposed that the matter, now forming 
the solar system, once existed in the form of a lens- 
sliapcd nebula of highly rarefied gas, that it rotated 
slowly about an axis perpendicular to the present 
orbits of the planets, and that the nebula extended 
beyond the present orbit of the furthest planet. The 
gas was at first expanded by heat, and as the surface 
cooled the central portion condensed and its tem- 
perature rose. The speed of rotation increased in 
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consequence of the contraction, according to a well- 
known law of mechanics called ‘ the cons<!rvation 
moment of momentum ; ’ * the edg(!H of the lenticulur 
mass of gas then ceased to be coutinnous with the 
more central portion, and a ring of niaitor waH 
detached, in much the same way as in I’laleau'H 
experiment. Further cooling led to further eontra<‘- 
tion and consequently to increaaod rotation, until a 
second ring was shed, and so on sxiccoBsively. 'riio 
rings then ruptured and aggregatcid thcinwilveH into 
planets whilst the central nucleus formed the sun. 

Virtually the same theory had becai propomukal 
by Kant many years previously, but 1 am not awar(; 
that there is any reason to suppose that Lai)lac(! had 
ever read Kant’s works. In a paper, to which I have 
referred above, Mr. Gr. F. Becker makes the following 
excellent summary of the relative merits of Kant and 
Laplace ; he writes : 

‘ Kant seems to have anticipated Laplace almost 
completely in the more essential portions of tha 
nebular hypothesis. The groat Frenchman was a 
child when Kant's theory was issued, and tho 
Systeme du Monde, which closes with the nebular 
hypothesis, did not appear until 1796. Laplace, like 
Kant, infers unity of origin for the membesrH of the 
solar system from the similarity of their inovemcntH, 
the small obliquity and small eccentricity of the orbits 
of either planets or satellites.’ Only a fluid oxtond- 

* Kant fell into error through ignorance of the generality of thi f 
law, for he imagined that rotation could be generate<l from rc'Kt. 

“‘The retrograde satellites of Uranus were discoverod by Ik*r- 
sohel in 1787, hut Laplace in his hypothesis does not refer to them.’ 
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ing throughout the solar system could have produced 
such a result. He is led to conclude that the 
atmosphere of the sun, in virtue of excessive heat, 
originally extended beyond the solar system and 
gradually shrank to its present limits. This nebula 
was (jndowed with moment of momentum which Kant 
tri(ul to develop by collisions. Planets formed from 
s5i)iU!H of vapour, which on breaking agglomerated. 
. - . The main points of comparison between Kant 
and Laplace seem to be these. Kant begins with a 
cold, stationary nebula which, however, becomes hot 
by compression and at its first regenesis would be 
in a state of rotation. It is with a hot, rotating 
nebula that Laplace starts, without any attempt to 
account for the heat. Kant supposes annular zones 
of freely revolving nebulous matter to gather together 
by attraction during condensation of the nebula. 
Laplace supposes rings left behind by the cooling 
of the nebula to agglomerate in the same way as 
Kant had done. WhUe both appeal to the rings of 
Katurn as an example of the hypothesis, neither 
explains satisfactorily why the planetary rings are 
not as stable as those of Saturn. Both assert that 
tlu) iiositivo rotation of the planets is a necessary 
(joriHoquenco of agglomeration, but neither is suffi- 
cicmtly explicit. The genesis of satellites is for each 
of thorn a repetition on a small scale of the formation 
of the system. . . . While Laplace assigns no cause 
for tho heat which he ascribes to his nebula. Lord 
Kelvin goes further back and supposes a cold nebula 
consisting of separate atoms or of meteoric stones,’ 
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initially possessed of a resultant inoineiit of 
momentum equal or superior to tliat of the solar 
system. Collision at the centre will r(>(lu«u? them to 
a vapor which then expanding far beyond N«»pt,une s 
orbit will give a nebula such as Xjaplaeo postulates.* 
Thus Kelvin goes back to the same initial e(«uliti«>n 
as Kant, excepting that Kant endoavourod (of course? 
vainly) to develop a moment of momentum for his 
system from collisions,’ ” 

There is good reason for bolieving that the 
Nebular Hypothesis presents a true statonumt in out- 
line of the origin of the solar system, and of the 
planetary subsystems, because photographs of nolmlie 
have been taken recently in which wo can almost see 
the process in action. Kig. 40 is a reproduction of a 
remarkable photograph by Dr. Isaac llobcrts of the 
great nebula in the constellation of Andromeda. In it 
we may see the lenticular nebula with its central 
condensation, the annulation of the outer portions, 
and even the condensations in tho rings which will 
doubtless at some time form planets. This system is 
built on a colossal scale, compared with which our 
solar system is utterly insignificant. Other nebuhe 
show the same thing, and although the‘y aro hm 
striking we derive from them good grounds for acetspt- 
ing this theory of evolution as substantially true. 

I explained in Chapter XVI. how the theory of tidal 
friction showed that the moon took her origin very 

Popular LechireSf voL i* p. 421. 

® Becker, Amer, Joum, Scums, voL v. 18DS, pp. 107 H. 
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near to tlu> surface of the earth. But it -was 

also poiiitiHl out that the same theory canuot he 
invoked to explain an origin for the planets at a 
point c.loHo to the sun. They must in fact have always 
moved at nearly their present distances. In the same 
way the diinonsions of the orbits of the satellites of 
hlars, dupiter, Haturn, and Neptune cannot have been 
largely augmonted, whatever other effects tidal fric- 
tion may havi^ had. We must therefore still rely on 
the Nohular Hypothesis for the explanation of the 
main features of the system as a whole. 

It may, at first sight, appear illogical to niaintain 
that an action, predominant in its influence on onr 
satellito, should have been insignificant in regulating 
the orbits of all the other bodies of the system. But 
this is not so, for whilst the earth is only 80 times as 
heavy as the moon, Saturn weighs about 4,600 times 
as much as its satellito Titan, which is by far the 
largest satellite in the solar system ; and all the other 
satellitoH arc almost infinitesimal in comparison with 
their primanos. Since then the relationship of the 
moon to the earth is unique, it may be fairly con- 
tended that a factor of evolution, which has been 
predominant in our own history, has been relatively 
insignificant elsewhere. 

'I’lioro is indeed a reason explanatory of this singu- 
larity in the moon and earth ; it lies in the fact that 
the earth is nearer to the sun than any other planet 
attended by a satellite. To explain the bearing of 
this fact on the origin of satellites and on their 
siiiOH I must now show how tidal friction has pro- 

’ X 2 
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bably opcmti'd as a perturltin^' itifht«*ni*i‘ jji fln> 
stHiwiiico of ovoiits, which wottlii he itonua! aef«*rilli!y 
to the Nelmlai' IlypotheniH. 

Wo have Ht'oii; that riiiKH hluntld he (.hod fr«iui 
tlio central nuehntK, wlieii tlu* niniriu-littu (*f llu* 
nelmla lian induced a ctu'tain degrtus of lUiHUn niiition 
of rotation. Now if the roliition wenj rt<nir«h‘il hy 
some external eause, tho geinsHiH of a rinfi would ho 
retarded, or might ha entirely iirevtmted. 

The friction of the Kolar tidoH in a phumtary 
nebula furnishee such an external cause, and lureor- 
dingly the rotation of a planetary nehnla near to fb« 
sun might ho so mucli retarded that a ring would 
never be detacdiod from it, and no satellite would k 
generated. Prom this point of view it is noteworthy 
that Mercury and Venus havti no mitollites; that 
Mars has two, Jupiter live, and that all tho osterior 
planets have several Hatollihm. I suggest then that 
the solar tidal friction of the terrestrial nohnlii was 
sufficient to retard the hirth of a, satellito, hut not to 
prevent it, and that the planetary mass had »'o»- 
tracted to nearly tho present (liniensions of tins earfh 
and had partially condensed into tho solid and li,ndd 
forms, before the rotation had augmented HulMcjently 
to permit the birth of a satellite. When Kat«dti{«H^ 
arise under conditions which are widedy difftfrent, it h 
reasonable to suppose that their niiwscH will also 
differ much. Hence wo can umlerstaml liuw it lias 
come about that the relationship he.tweeu tin? moon 
and the earth is so unlike thathidwwm other mfcllites 
and their planets. In Chapter XVI L 1 showed thm 
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tlicrt' an. n-uHonH for bolioving that solar tidal friction 
has roally bo.on an ofticient cause of change, and this 
makes it Icgilhiiale to invoke its aid in explaining the 
birth and distribution of satellites. 


In speaking of the origin of the naoon I have 
been careful not to imply that the matter of which 
she is fornusl was necessarily first arranged in the 
form of a ring. Imhied the genesis of the hour-glass 
figure of oiiuilibrium from Jacobi’s form and its 
lis.-<it)n intfi two parts indicate the possibility of an 
entirely difleront seipienco of events. It may perhaps 
be conjectured that the moon was detached from the 
primitive earth in this way, possibly with the help of 
tidal oscillations duo to the solar action. Even if 
thin suggestion is only a guess, it is interesting to 
make such speculations, when they have some basis 
of reason. 

In recent years astronomers liave been trying, 
principally by aid of the spectroscope, to determine the 
(iriiits of pairs of douhlo stars around one another. It 
has hetm ohsorved that, in the majority of these 
systems, the massos of the two-component stars do not 
dilTcr from one another extremely ; and Dr. See, who 
has specially devoted himself to this research, has 
drawn iitUmtion to the great contrast between these 
systcjns and that of the sun, attended by a retinue of 
inlhniesimal planets. lie maintains„with justice, that 
the paths of evolution pursued in the two cases have 
proliahly also boon strikingly diSerent. 
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It is hardly credible that two Httirs nhotiid bri^i* 
gained their present conii)anu>iiHliij) by «n accifli iital 
approach from infinite npace. They caniKif ahuiya 
have moved as they do now, and wt^ iirc drive n t«t 
reflect on the dianges which might snjirrvoiio iiiMndi 
a system under the action of known forces. 

The only efficient interaction Itctween a pair of 
celestial bodies, which is knovMi hilluTto, is a lirlul 
one, and the friction of the oHcillations introilma'M a 
cause of change in the systcni. Tidal friction 
tends to increase the eetaaitricity of the cn*bit ill 
which two bodies revolve about one anollaT, lunt ita 
efficiency is much increased when tliw jaiir are not 
very unequal in mass and when ca<di is iH-rtnrbed by 
the tides due to the other. Tlio fact that the orhita 
of the majority of the known pairs an* vt^ry twontri© 
affords a reason for acc(*pting the tidal exphiiiatinn. 
The only adverse reason, that I know of, is that tlin 
eccentricities are fre(iuontIy so great that wo may 
perhaps be putting too sevea'o a strain on tho sup- 
posed cause. 

But the principal effect of tidal fried ion is tin* 
repulsion of the two bodies from one anotbor, w> tfm! 
when their history is traced backwards we ultinnitely 
find them close together. If then this cauw Ium 
been as potent as Dr. Bee believes it to liavit bei-n, 
the two components of a binary sysli'in ninst mn*i* 
have been close together. From this stage if is b«f si 
step to picture to ourselves the rupture of a nebula, 
in the form of an hour-glass, inbt two d«dacb*'<i 
masses. 
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The theory embraces all the facts of the case, and 
as such is worthy of at least a provisional acceptance. 
But we must not disguise from ourselves that out of 
the thousands, and perhaps millions of double stars 
which may be visible from the earth, we only as yet 
know the orbits and masses of a dozen. 

Many years ago Sir John Herschel drew a number 
of twin nebulae as they appear through a powerful 
telescope. The drawings probably possess the highest 
degree of accuracy attainable by this method of 
delineation, and the shapes present evidence confir- 
matory of the theory of the fission of nebulae adopted 
by Dr. See. But since Herschel’s time it has been 
discovered that many details, to which our eyes must 
remain for ever blind, are revealed by celestial photo- 
graphy. The photographic film is, in fact, sensitive 
to those ^ actinic ’ rays which we may call invisible 
light, and many nebulae are now found to be hardly 
recognisable, when photographs of them are compared 
with drawings. A conspicuous example of this is 
furnished by the great nebula in Andromeda, illus- 
trated above in fig. 40. 

Photographs, however, do not always aid interpre- 
tation, for there are some which serve only to increase 
the chaos visible with the telescope. We may suspect, 
indeed, that the complete system of a nebula often 
contains masses of cold and photographically invisible 
gas, and in such cases it would seem that the true 
nature of the whole will always be concealed from 
us. 

Another group of strange celestial objects is that 
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of the Hpiral niiliula, whoso fc»rmH irrcHiinfilily wos*.' i*i 
violont whirlpoolH of incniuiowoul gim. Ahhmit'ii iti 
all prohahility tho nioticm of (ho gas in vi ry ra)*i«l, jot 
no chaiigo of form has boon tlotroh li. \Vr uvr hor«* 
reminded of a rapid stream rusiihig pHiit a pouf, 
whoro tho forni of tho Htirfiieo romniuH emwiaul, 
whilst tho water itself is in rapid movement : and it 
HconiH roasonahltt to snpptwo that in tlii>se mthnla* it 
is endy tho linos of the How of tho gas which are visihh*. 
Again, thorn aro other eusoH in whieh the tehis«»pic 
view may bn almost doceptivo in its physieai siiggoi. 
tious. Thus tho Dumh-BoU nelnihi (‘27 Messior 
Vulpoouk)), as HtHin tnleseopioally, might ho iakw 
as a good illitstration r>f a mtlmla almost riimly to 
split into two stars. If tliis were so, tho rotatimi 
would be about an axis at right aiiglos to tho length 
of tho nohula. But a photograph of this objoet 
shows that the system really eoiisistH of n liiminoas 
globe BurroundtHl by a thick and loss himiiimm ring, 
and that the opacity of the sides of the ring lakes a 
bite, as it wore, out of each side of the dim*, nioI mt 
gives it tho apparent form of ii dumb-bell. In Ibis 
case the rotation must ho about an axis at rigid 
angles to tho ring, and Uiorofortt along the length nf 
tho dumb-bell. It ns pro|wr to add that Br, Hen in 
well awaro of this, and does not refer to tins n* hula 
as a case of incipient flasion. 

I have mndo thoae remarks in order to show that 
every theory of stellar evolution mm.i, he full ..f 
diflieulty and uncortainty, Aceording bt our 
knowledge Dr. Seek theory aiipears Ut have much in 
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iin favour, liui wo uiuefc await itn confirmation or 
refutation from the results of future resoarcheB 
with thn pliotographic plate, the spectroBcope, and 

the tolifHcopiu 
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CHAPTEE XX’ 
batxjrn’s rings * 

To the naked eye- Sa^turn appears as a lirilliant 
star, "which shines, -without twinkling, with a yc silo wish 
light. It is always to be found very nearly in the 
ecliptic, moving slowly amongst the fixed Htars nt 
the rate of only thirteen degrees per annuna. It is 
the second largest planet of the solar systmn, being 
only exceeded in size by the giant Jupiter. It weighs 
91 times as much as our earth, but, being as light as 
cork, occupies 690 times the volume, and is nine times 
as great in circumference. Notwithstanding its great 
size it rotates around its axis far more rapidly than 
does the earth, its day being only 10^ of our hours. 
It is ten times as far from the sun as we are, and its 
year, or time of revolution round the sun, is fujuni to 
thirty of our years. It was deemed by the early 
astronomers to be the planet furthest from the. sun, 
but that was before the discovery by Herschel, al. Iho 
end of the last century, of the further planet Uranus, 
and that of the still more distant Neptune by Adain.H 
and Leverrier in the year 1846. 

’ Part of this chapter appeared as an article in JtamT'x Miujiuinc 
for June, 1889. 
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The telescope lias sho'wn that Saturn is attended 
by a retinue of satellites almost as numerous as, and 
closely analogous to, the planets circling round the 
sun. These moons are eight in number, are of the 
most various sizes, the largest as great as the planet 
Mars, and the smallest very small, and are equally 
diverse in respect of their distances from the planet. 
But besides its eight moons Saturn has another 
attendant absolutely unique in the heavens; it is 
girdled with a flat ring, which, like the planet itself, 
is only rendered visible to us by the illumination of 
sunlight. Fig. 41, to which further reference is made 
below, shows the general appearance of the planet and 
of its ring. The theory of the physical constitution of 
that ring forms the subject of the present chapter. 

A system so rich in details, so diversified and so 
extraordinary, would afford, and doubtless has afforded, 
the subject for many descriptive essays ; but descrip- 
tion is not my present object. 

The existence of the ring of Saturn seems now a 
very common-place piece of knowledge, and yet it is 
not 800 years since the moons of Jupiter and Saturn 
were first detected, and since suspicion was first 
aroused that there was something altogether peculiar 
about the Saturnian system. These discoveries, 
indeed, depended entirely on the invention of the 
telescope. It may assist the reader to realise how 
n(;c()Hsary the aid of that instrument was when I say 
that Saturn, when at his nearest to us, is the same in 
size as a sixpenny piece held up at a distance of 210 
yards. 
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It was the celebrated Galileo who first invented a 
combination of lenses such as is still used in our 
present opera-glasses, for the purpose of magnifying 
distant objects. 

In July of 1610 he began to examine Saturn with 
his telescope. His most powerful instrument only 
magnified 82 times, and although such an enlarge- 
ment should have amply sufficed to enable him to 
make out the ring, yet he persuaded himself that 
what he saw was a large bright disc, with two 
smaller ones touching it, one on each side. His 
lenses were doubtless imperfect, but the principal 
cause of his error must have been the extreme 
improbability of the existence of a ring girdling the 
planet. He wrote an account of what he had seen to 
the Grand-Duke of Tuscany, Giuliano de’ Medici, and 
to others ; he also published to the world an anagram 
which, when the letters were properly arranged, read 
as follows : ‘ Altissimum planetam tergeminum 

observavi ’ (I have seen the furthest planet as triple), 
for it must be remembered that Saturn was then 
the furthest known planet. 

In 1612 Galileo again examined Saturn, afld was 
utterly perplexed and discouraged to find his triple 
star replaced by a single disc. He writes, ‘ Is it 
possible that some mocking demon has deceived me ? ’ 
And here it may be well to remark that there are 
several positions in which Saturn’s rings vanish from 
sight, or BO nearly vanish as to be only visible with 
the most powerful modern telescopes. "When the 
Ijlane of the ring passes through the sun, only itb 
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very thin edge is illuminated ; this was the caws in 
1612, when Galileo lost it ; secondly, if the piano of 
the ring passes through the earth, we have (»nly a, 
very thin edge to look at; and thirdly, when the sun 
and the earth are on opposite sides of the ring, the 
face of the ring which is presented to us is in shadow, 
and therefore invisible. 

Some time afterwards Galileo’s perplexity was 
increased by seeing that the planet had then a pair 
of arms, but he never succeeded in unravelling the 
mystery, and blindness closed his career as an 
astronomer in 1626. 

About thirty years after this, the groat Dutch 
astronomer Huyghens, having invented a new sort of 
telescope (on the principle of our present powerful 
refractors), began to examine the planet, and saw that 
it was furnished with two loops or handles. Soon 
after the ring disappeared ; but when, in lOiil), it 
came into view again, he at last recognised its true 
character, and announced that the planet was attended 
by a broad flat ring. 

A few years later it was perceived that there were 
two rings, concentric with one another. The division, 
which may be easily seen in drawings of the, pkiiud, 
is still named after Cassini, one of its discoverors. 
Subsequent observers have detected other hms niarlu*d 
divisions. 

Nearly two centuries later, na.moly, in 1B50, Bond 
in America and Dawes in England, indtqx'ndtmtly 
and within a fortnight of the same time, observed 
that inside of the well-known bright rings there is 
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another very faint dark ring, which is' so transparent 
that the edge of the planet is visible through it. 
There is some reason to believe that this ring has 
really become more conspicuous within the last 
200 years, so that it would not be right to attribute 
the lateness of its detection entirely to the imperfection 
of earlier observations. 

It was already discovered in the last century that 
the ring is not quite of the same thickness at all 
points of its circumference, that it is not strictly 
concentric with the planet, and that it revolves round 
its centre. Herschel, with his magnificent reflecting 
telescope, detected little beads on the outer ring, 
and by watching these he concluded that the ring 
completes its revolution in 10^ hours. 

This sketch of the discovery and observation of 
Saturn’s rings has been necessarily very incomplete, 
but we have perhaps already occupied too much space 
with it. 

Fig. 41 exhibits the appearance of Saturn and his 
ring. The drawing is by Bond of Harvard University, 
and is considered an excellent one. 

It is usual to represent the planets as they are 
seen through an astronomical telescope, that is to say, 
reversed. Thus in fig. 41 the south pole of the planet 
is at the top of the plate, and unless the telescope 
were being driven by clock-work, the planet would 
appear to move across the field of view from right to 
left. 

The plane of the ring is coincident with the 
equator of the planet, and both ring and equator are 
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inclined to the plane of the planet’s orbit al. an aiiffk* 
of 27 degrees. 

A ■whole essay might be devoted to the discussion 
of this and of other pictures, but wo must conbiu^ 
ourselve? to dra'wing attention to the well-iuarkod 
split, called Cassini’s division, and to tlui faint 
internal ring through which the edg(3 of tlu; plan<;t is 
visible. 

The scale on which the whole system is eonstructf'd 
is best seen in a diagram of concentric circles, show- 
ing the limits of the planet’s body and of the 
successive rings. Such a diagram, with (ixplanatory 
notes, is given in fig. 42. 



Limit 

Outer Eini^ 
CaaMini’H Liviiion 
Inner Uing 

Dark Ring 

Equator of Pliwwit 


Eig. 42. — Diagbam os’ Satton km iiii limm 


An explanation of the outermost circle', called 
Roche's limit, will be given later. The following urt! 
the dimensions of the system : 

Equatorial diameter of planet . . 73,000 niili-’i 

Interior diameter of dark ring * , 93, {)()() 

Interior diameter of bright rings . * 111,000 „ 

Exterior diameter of bright rings . , 1()9,000 „ 

We may also remark that the radius of tho limit (tf 
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the rinffH is 2-:58 times the mean radius of the planet, 
whilst Roche’s limit is 2-44 such radii. The greatest 
thic.kiuiss of the ring is uncertain, but it seems 
[U'obahle that it does not exceed 200 or 300 miles. 

'Pho pictorial interest, as we may call it, of all this 
wimdcrfiil combination is obvious, but our curiosity is 
further stimulated when we reflect on the diffleulty of 
n!e()m‘.iliug tin; existence of this strange satellite with 
what wo know of our own planet and of other celestial 

bodioH. 

It may be admitted that no disturbance to our 
ordinary way of life would take place if Saturn’s rings 
wore annihilated, but, as Clerk-Maxwell has remarked, 

‘ from a purely scientific point of view, they become 
the most remarkable bodies in the heavens, except, 
perhaps, those still less imful bodies — the spiral 
nebulio. When we have actually seen that great 
arch swung over the equator of the planet without 
any visible connection, we cannot bring our minds to 
rest. We cannot simply admit that such is the case, 
and describe it as one of the observed facts of nature, 
not admitting or requiring explanation. We must 
either explain its motion on the principles of mechanics, 
or admit that, in Saturnian realms, there can be motion 
regulated by laws which we are unable to explain.’ 

I must now revert to the subject of Chapter XVIII. 
and show how the investigations, there explained, 
bear on the system of the jjlanet. We then imagined 
a li(iuid satellite revolving in a circular orbit about a 
liipud planet, and supposed that each of these two 
inassos moved so as always to present the same face 

Y 
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to the other. It was pointed out that each body imi.-t 
be somewhat flattened by its rotation round an axis 
at right angles to the plane of the orliil, and that the 
tidal attraction of each must deform tin* other. In 
the application of this theory to the sysican of Halurii 
it is not necessary to consider further the tidal acti<tn 
of the satellite on the planet, and we must conconl rale 
our attention on the action of the planet on the satellite. 
We have found reason to suppose that tin* earth tnice 
raised enormous tides in the moon, wh(*n her body 
was molten, and any planet must act in the same 
way on its satellite. When, as wo now suppose, tin* 
satellite moves so as always to preH{mt the same fneo 
to the planet, the tide is fixed and di g(*neratOH into a 
permanent distortion of the equator of tin* satollito 
into an elliptic shape. If the satollild is veny small 
compared with its i)lanet, and if it is gradually brought 
closer and closer to the pla.net, the tide-generating 
force, which varies inversely as the euhe of tho dis- 
tance, increases with great rapidity, and we shall fm«l 
the satellite to assume a more and imjre (*Iongated 
shape. When the satellite is not excessively suiall, 
the two bodies may bo brought together until they 
actually touch, and form the hour-gbiss figure t*x- 
hibited in fig. 39 Chapter XVIII. 

The general question of the limiting proximity of 
a liquid planet and satellite which just ensures stability 
is as yet unsolved. But it lias been proved that ther*' 
is one case in which instability sots in. ftdouard 
Roche has shown that this approach up to eontaet is 
not possible when the satellite is very small, for at a 
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I'i'rtain distiiiu'c tlio tidal distortion of a small satellite 
liocomeH HU extreme, that it can no longer subsist as 
a shigki luaKH of fluid. He also calculated the form 
ut lh(i fiatullite when it is elongated as much as 
jK)HHibk‘, If’ig. 4'1 represents the satellite in its limit- 
ing form. Wo must suppose the planet about which 
it rt*volv(iH to bo a large globe, with its centre lying on 
the prolongation of the longest axis of the egg-like 
body in the direction of b. As it revolves, the longest 
axiM of the satellite alw'ays points straight towards 
its planet. The egg, though not strictly circular in 



Fw. 48.— RocJiJt’H Fiocue op a Satellite when elongated 
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girth, is very nearly so. Thus another section at 
right angles to this one would be of nearly the same 
Hhape. One diameter of the girth is in fact only 
longer than the other by a seventeenth part. The 
Hhort(fst of the three axes of the slightly flattened egg 
is at right angles to the plane of the orbit in which 
the satellite revolves. The longest axis of the body 
is tUfarly twice as long as either of the two shorter 
ones ; for if wo take the longest as 1000, the other 
two would bo 490 and 469. Fig. 43 represents a 
.stiction through the two axes eq[ual respectively to 
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1000 and to 469, so that we aro lionj Hiipinvuod to he 
looking at the satellite’s orbit edgewint-. 

But, as I have said, Itocho detcnuiiu'd no! only 
the shape of the satellite wlion tluiH clongnlc'd ti> the 
utmost possible extent, hut also in Its lutiinn'SH l.o the 
planet, and he proved that if the plaintt and Hiitnllitn 
be formed of matter of the same deiiHiiy, the centri! 
of such a satellite must bo at a diHtanec from the 
planet’s centre of of the planet’H radiuH. 

This distance of ‘•Ml or 2*44 of a pbuicfa rudiim I 
call Eoche’s limit for that planet. Tlu^ meaning of 
this is that inside of a circle drawn aronml a phuu-t 
at a distance so proportionate to its radius int small 
satellite can circulate ; tlat reason hiuiig that if a 
lump of matter wore started to revolve about th« 
planet inside of that circle, it would he torn to picec-s 
under the action of the forces wo have hecm con- 
sidering. It is true that if the huu]) of matter wen* 
so small as to bo more properly doscrihcd as a sUum 
than as a satellite, then the cohosivo fortm of shme 
might be strong enough to resist the disruptive torcc. 
But the size for which cohosion is sutTUcient to Indd a 
mass of matter together is small compared with the 
smallest satellite. 

I have said that Eooho’s limit as ovaluatwl at M i t 
radii is dependent on the assumption of e<iual densit ii h 
in the satellite and planet. If tlu* plutiet he denwr 
than the satellite, Boche’s limit is a larger nuiltipie 
of the planet's radius, and if it be less dense ti»e 
multiple is smaller. But the variation «>f distanen is 
not great for considerable variations in tlm r«dutiv» 
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tlriibitifH of lh« two bodies, the law being that the 
*i' ( i luuHi b(! multiplied by the cube root of the ratio 
<tf the density of the planet to that of the satellite. 
If for ('xampli! tho planet be on the average of its 
wbob^ volunu* twice as dense as the satellite, the 
limit, is only augmented from 2-44 to 8 times the 
planet's ratlins; and if it be half as dense, the 2-44 
is tlfprttHKtid to l‘‘.)4. Thus the variation of density 
<d' tlui planet from a half to twice that of the 
phinot-— that is to say, the multiplication of the 
smaller density by four — only changes Eoche’s limit 
from ‘2 to 8 radii. It follows from this that, within 
pretty wi<le limits of variation of relative densities, 
lloche’s limit changes but little. 

Tlui only ndative density of planet and satellite 
that we know with accuracy is that of the earth 
anil moon. Now tho earth is more dense than the 
moon in tluj proportion of 8 to 6 ; hence Eoche's limit 
fi*r tlui (tarth is the cube root of f multiplied by 2-44, 
that in to say, it is 2'H6 times the earth’s radius. It 
hdlowH that if the moon were to revolve at a distance 
of loHH than 2-8() radii, or 11,000 miles, she would be 
torn to pieces by tho earth’s tidal force. 

If this result be compared with the conclusions 
♦irawn from the theory of tidal friction, it follows that 
at tho earliest stage to which the moon was traced, 
sb(' could not have existed in her present form, but 
thi> matter whiesh is now consolidated in the form of 
a sjitollite must then have been a mere swarm of loose 
fragments. Buch fragments, if concentrated in one 
part of the orbit, would be nearly as efficient in 
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generating tides in the planet as thnngli tlu'y were 
agglomerated in the form of a aakdlite. Act*<*rdiii}'!.v 
the action of tidal friction doea not, noccHsit.nlt' th< 
agglomeration of tho Hakdlito. The cnd'-'in and 
earliont luMtory of the moon nitmt ahvajH renmin 
highly speculative, and it HeeniB fruitlesK to forimtIaU' 
exact thooricK on the suhjoct.’'' 

When wo apply this roasoning to tho jjthor planetH, 
exact data aro wanting. The planet Mars mmomhh’H 
the earth in so many roHpeets that it ia roaKonahlo to 
suppose that thoro is nuudu tho samis rolationship 
between the densities of tho planet and satcdlitos a« 
with us. As with tho case of tho oartli and mtam, 
this would bring Bocho’s limit to 2*H(! tiiium the 
planet’s radius. Tlie satollito Phobos, however, ri- 
volves at a distance of ‘i-Tb radii of Mars ; lumco wo 
are bound to suppose that tho density of Phnhos is a 
very little more nearly equal to that of l^Iara than in 
the case of the moon and earth ; if it worn not »o, 
Phobos would be disrupted by tidal aclitni. How 
interesting it will be if future generations shall eoaso 
to see the satellite Phobos, for they will then conelmlo 
that Phobos has boon drawn within tho ehannod 
circle, and has been broken to pieces. 

In considering tho planets Jupiter and Katuni, wo 
aro deprived of the indioations which are uwfnl in 
the case of Mars. The satellites are prohahly stdid, 
and those planets are known to have a Itnv naan 

Nolan ha« crittoked tho thoory of tidal frlcUim ftnw lS(i 
omt of view (Oencain of i)m Uom, MelUouriw, IHHfl ; alt.,, 

Nob. 18 and July ‘JO, 1880). 
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•Umnity. Hcnci* it is probable that Eoche’s limit is a 
Ndiucwbut snialUT multiple than ‘2'44 of the radii of 
.lupilor Hiul Haturn. The only satellite which is in 
tl!up.t(U‘ in the innermost and recently discovered 
t^nifllite of Jupiter, which revolves at 2‘6 times the 
plunot’s nusan radius, for with the same ratio of 
tieuMilies as obtains here the satellite would be broken 
itp. Tills coiifirma the conclusion that the mean 
density of Jupiter is at least not greater than that of 
the satellite. 

We aro also ignorant of the relative densities of 
Saturn and its satellites, and so in the figure Roche’s 
limit is placed at ■2’44 times the planet’s radius, corre- 
Htioncling to equal densities. But the density of the 
planet is very small, and therefore the limit is almost 
certainly slightly nearer to the planet than is shown. 

This system affords the only known instance 
where matter is clearly visible circulating round an 
attractive centre at a distance certainly less than the 
theoretical limit, and the belief seems justified that 
Haturu’s rings consist of dust and fragments. 

Although Roche himself dismissed this matter in 
one or two sontences, he saw the full bearing of his 
romarks, and to do him justice we should date from 
IHIK the proof that Saturn’s rings consist of meteoric 
stomis. 

The IJieorotical limit lies just outside the limit of 
the rings, hut we may suspect that the relative 
deuHitieK of the planet and satellite are such that the 
limit should he displaced to a distance just inside of 
the miter edge of the ring, because any solid satellite 
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would ahuost necoBHarily have a iiiciin d<>«hii j {ircutt r 
than that of the planet. 

Although Hoi'ho'B paper waH publiHlu-d ahonl fifiy 
ycai's ago, it has only rec.enlly heoii nn'iitioni d in 
text-books and g<au*ral treatiscH. ludi'cd it hn^lmn 
stated that Jloiid was the first in jundcrji linirK tu 
suggest the meteoric constifutum of the rings, liis 
Huggestion, based on teleseopie ovuleiu’o, whs however 
made in IH.'jl. 


And now to explain how a Cambridge tijatlunmiti* 
cian to whom reference was made abttve, in ignomnee 
of Iloche’s work of nine years before, arrived iit the 
same conclusion. In 1857, (Uerk-Waxwoll, one of 
the most brilliant men of science who hav« langlit iti 
the university of Camhridgo, anti whose early tleath we 
still deplore, attacked the problem of Sattjrn’s rings 
in a celebrated essay, which gained for him what i« 
called the Adams prise. Laplace had early in ihe 
century considered the thtwy that the ring is «oH«!, 
and Maxwell first took up the tjuestion of the nmtitut 
of such a solid ring at tho point whttro it hatl betui 
loft. lie determined what amount of weighting at taie 
point of a solid uniform ring is nocoHsary to caisim* its 
steady motion round tho planet. Ilti found that thi*ri- 
must 1)0 a mass attached to tho eircumforenee of the 
ring weighing 4 ^ times as much as tho ring itself. 
In fact the system becomes a satellite with »t, hgJit 
ring attached to it. 

‘As there is no appearance,’ ho says, * nbout tin 
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juatifyinK *>• belief in so great an irregularity, 
tin* theory of the solidity of the rings becomes very 
iui I >ri>l lable. Wiien wo come to consider tbe additional 
ilillieult V of tin' tendency of the fluid or loose parts of 
the ring to aceumulaUs at the thicker parts, and thus 
iM destroy that nico adjustment of the load on which 
the Blahility depends, wo have another powerful argu- 
tneiit against aolhlity. And when we consider the 
immense si'/.e of the rings and their comparative 
lliinnesa, the absurdity of treating them as rigid 
UoilieH becoin(!S self-ovulent. An iron ring of such a 
sixe would be not only plastic, but semifluid, under 
the forces wliicb it would experience, and we have no 
reason to bcdievo those rings to be artificially strength- 
ened with any material unknown on this earth.’ 

'I’hu hypothesis of solidity being condemned, 
klaxwell proceeds to suppose that the ring is composed 
of a numbor of equal small satellites. This is a step 
towards the hypothesis of an indefinite number of 
inotooritcs of all sizes. The consideration of the 
motion of these equal satellites affords a problem of 
iumuuiso difficulty, for each satellite is attracted by 
all the others and by the planet, and they are all in 
motion. 

If they were arranged in a circle round the 
pi met at o(iual distances, they might continue to 
1 evolve round the planet, provided that each satellite* 
remained in its place with mathematical exactness. 
Lot UH consider that the proper place of each satellite 
irt at the ends of the spokes of a revolving wheel,_ and 
then let us suppose that none of them is exactly in its 
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place, some being a little too far advanced, some a 
little behind, some too near and some too far from 
the centre of the wheel — that is to say, from the 
planet — then we want to know whether they will 
swing to and fro in the neighbourhood of their places, 
or will get further and further from their places, and 
whether the ring will end in confusion. 

Maxwell treated this problem with consummate 
skill, and showed that if the satellites were not too 
large, confusion would not ensue, but each satellite 
would oscillate about its proper place. 

At any moment there are places where the satel- 
lites are crowded and others where they are spaced 
out, and he showed that the places of crowding and of 
spacing out will travel round the ring at a different 
speed from that with which the ring as a whole 
revolves. In other words, waves of condensation and 
of rarefaction are propagated round the ring as it 
rotates. 

He constructed a model, now in the laboratory at 
Cambridge, to exhibit these movements ; it is pretty 
to observe the changes of the shape of the ring 
and of the crowding of the model satellites as they 
revolve. 

I cannot sum up the general conclusions at which 
Maxwell arrived better than by quoting his own words. 

In the summary of his paper he says : 

‘ If the satellites are unequal, the propagation of 
waves will no longer be regular, but the disturbances 
of the ring will in this, as in the former case, produce 
only waves, and not growing confusion. Supposing 
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lh«* rill;' to conHiKt, not of ft single row of large satel- 
Utiirt, liut of ft fitnul of evenly distributed unconnected 
IwrtifU'H, wt) found that such a cloud must have a 
VI ry sjuall deuHity in order to be permanent, and 
Hint this ia inconsistont with its outer and inner parts’ 
moving with tho same angular velocity. Supposing 
(he ring to he fluid and continuous, we found that it 
will mwi'HKftrily bo broken up into small portions. 

* We cnmdude, therefore, that the rings must 
rmisist of diHconnected particles ; these may be either 
HoUd or liiiuid, but they must be independent. The 
t'ntire system of rings must therefore consist either of a 
series of many concentric rings, each moving with its 
own velocity, and having its own system of waves, or 
else of ft confused multitude of revolving particles, not 
arraugod in rings, and continually coming into collision 
with each other. 

‘Taking the first case, we found that in an 
intiefinite number of possible cases the mutual per- 
turbation of two rings, stable in themselves, might 
mount up in time to a destructive magnitude, and 
that such cases must continually occur in an extensive 
system like that of Saturn, the only retarding cause 
hfing the possible irregularity of the rings. 

‘ Tho result of long-continued disturbance was found 
to ho tho spreading out of the rings in breadth, the 
outer rings pressing outward, while the inner rings 
press inward. 

‘ The final result, therefore, of the mechanical 
theory is, that the only system of rings which can 
exist is one composed of an indefinite number of 



,l:!2 SATtJilN’H n!N«iH rii. « 

uiu-mmoc!t(‘(l particUm, rov«ilviii>j! rtnuttl fh*- jtl.ua! 
wiUii (liOi'mit vt'lociticB in tlicic 

tliHlancfa. Tluwu partirleH may In* iirntn},»i «i ia « 
wn-idK (>f niimsw rlttgH, <«• Uusy may Ihrtun'h 

(lach ollii'i" irri'j^ulnrly. In tha lirat (‘ana tlia 
lion of l}»< Hyatolu will ho vary hIow, in tho initoioI 
oami it will ho nioi'o mpiil, hut Ihortt way ha a 
tojuloncy towariia an arrangMiiont in niu'r»nv i'inj?«, 
which may n^tanl tlm pnaamH. 

‘ Wo aro not ahlo to aHcorlRin hy tthHorviiliuJ! iho 
couHtitution <if lh« two outer tliviHioijB of lln* »yH.t« »u 
of riiigH, hut th« innor ring in foriuinly tmn«|»«ronl, 
for tho liiiih (i.o. tnlgo) of Hatnrn Iiuh hoon oh«or\«! 
through it. It ia alao corltiin, that tlanigh the iijiaw 
tmcupiiiil hy tho ring in tranaparont, it ia not through 
tlie material partick'H of it that Saturn waa awn, fur 
luH limh WHH olmorvod without tliNfortion ; whioh ahowit 
that thoro waa no rofraotion, and thoroforo llial the 
rayH did not paHH through a niodtuin at all, hut 
liotwoon tho Holid or Hipiid partichm <if which Ihn ring 
Ih ctuiipoBtsd. Hero tluui wo havo an optical argument 
ill favour of the theory of independent partielea lo* 
the makirial of tho ringa. The two outer ringa tnay 
Ito of tho aanie nature, hut not ho exceedingly rare 
that a ray of light can paHH through their xUioh* 
tliicknoHH without oncountering one of tlu- partich li.' 


The lant link in the chain of oxudence fia-x Im n 
funuHhed by remit observations jimde in Atiiift a a. 
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If i! ran Im* itntvnti that ovnry jmrt of tlio apparently 
iitliil riiii' movcm rniuul tlio planet’s cumtrc at a 
ill niti', anil that the speed at eaeh part is 
Hppi'opriHte at ilrt distance from tho centre, the con- 
is inevilnhU* that tho ring consists of scattered 
fnp’J«>*nts. 

Kvi i-y one nuwt have noticed that when a train 
piiSM*H at full speed with the whistle blowing, there 
is an aitrnjit fall in tho pitch of the note. This 
rhivnge of note is only apparent to the stationary 
listener, and is cimsed by trio crowding together of 
the waves of soimd as tho train upproachos, and by 
tlieir spacing ont as it recedes. Tho same thing is 
true of light-waves, and if we could imagine a coloured 
light to pass ns at an almost inconcoivablo velocity it 
would cliiingo in tint as it passed. Now there are 
curtain lines in the spectrum of sunlight, and the 
shifting of their positions affords an excessively 
dolieiito measure of a change which, when magnified 
wiormously, would produce a change of tint. For 
I'XHiiiplc, the sun is a rotating body, and when we 
look at its disc one edge is approaching us and the 
other is receding. Tho two edges are microscopically 
of ilifTerent colours, and tho change of tint is measur- 
ahlo by the tlisplacoment of the lines I have mentioned. 
In the same way Baturn’s ring is illuminated hy 
sunlight, anil if different portions are moving at 
dilferent whaiitifS, those portions are microscopically 
of tliffcnuit colours. Now Professor Keeler, the iiresent 
director of the Lick Observatory, has actually observed 
tlui reflected sunlight from the several parts of Saturn’s 
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rings, and lie finds that the lines in the spectrum of 
the several parts are differently displaced. From 
measurement of these displacements he has concluded 
that every part of the ring moves at the same pace 
as if it were an independent satellite. The proof 
of the meteoric constitution of the ring is therefore 
complete. 

It would be hard to find in science a more 
beautiful instance of arguments of the most diverse 
natures concentrating themselves on a definite and 
final conclusion. 
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Evolution of celestial systems, 
302-13 


Eerrel, tide-predicting instru- 
ment, 218 

Eigure of equilibrium of ocean 
under tidal forces, 136-8; of 
rotating liquid, 285-301 

Eigure of planets and their den- 
sity, 299-300 

Eisher, 0., on molten interior of 
earth, 237 

Elow and ebb defined, 51 

Eorced oscillation, principle of, 
154-5 ; due to solar tide, pos- 
sibly related to birth of moon, 
255-6 

Eorced wave, explanation and 
contrast with free wave, 149 

Forces, centripetal and centri- 
fugal, 83-4 ; tide-generating, 
83-98 ; numerical estimate, 
100-1; deflection of vertical 
by, 99-121 ; figure of equi- 
librium under tidal, 136-8 ; 
those of sun and moon com- 
pared, 142-3 

Eorel on seiches, 16-36 ; list of 
papers, 48-9 

Free oscillation contrasted with 
forced, 154-5 

Free wave, explanation and con- 
trast with forced, 149 

Friction of tides, 238-84 


Galileo blames Kepler for his 
tidal theory, 77 ; discovery 
of Jupiter’s satellites, 262 ; 
Saturn’s ring, 317 


Z 
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GAUGE 

G-auge,tide>, description of, 6-11 ; 
site for, 14 

Geneva, seiches in lake, 16-26 ; 

model of lake, 26 
Geological evidence of earth’s 
plasticity, 270 ; as to retarda- 
tion of earth’s rotation, 274-5 
German method of reducing tidal 
observations, 196 
Giles on Chinese theories of the 
tide, 69-70 

Gravity, variation according to 
latitude, 272-3, 299 
Greek theory and description of 
tides, 73-7 ; records of ancient 
eclipses, 245 

Gitlliver^s Travels, satire on 
mathematicians, 263-5 


Hall, Asaph, discovery of Martian 
satellites, 261-7 

Hang-Chow, the bore at, 64 

Harmonic analysis initiated by 
Lord Kelvin, 79 ; account of, 
175-90 

Height of tide due to ideal 
satellite, 181 ; at Portsmouth 
and at Aden, 205 ; reduced by 
elastic yielding of earth, 234 

Helmholtz on atmospheric 
waves, 45-7 ; on rotation of the 
moon, 258 

Herschel, observations of twin 
nebulaa, 311 

High-water under moon in equi- 
librium theory, 145 ; position 
in shallow and deep canals in 
dynamical theory, 156 

History of tidal theories, 69-80 ; 
of earth and moon, 251-8, 277- 
83 

Hopkins on rigidity of earth, 
233-4 

Horizontal tide-generating force, 
97. See also Pendulum. 

Hough, S. S., frictional extinction 


KELVIN 

of waves, 43 ; dynamical solu- 
tion of tidal problem, 164; 
Chandler’s nutation, 237; 
rigidity of earth, 230 
Hugh, bore on the, 65 
Huyghens, discovery of Saturn’s 
ring, 318 


Icelandic theory of tides, 72-3 
Indian Survey, method of reduc- 
ing tidal observations, 196 ; 
tide-tables, 200-1 
Instability, nature of dynamical, 
and initial of moon’s motion, 
252-3 ; of Saturn’s ring, 330- 
2 

Interval from moon’s transit to 
high-water in case of ideal 
satellite, 181 ; at Portsmouth 
and at Aden, 205 
Italian investigations in seismo- 
logy, 114-8 


Jacobi, figure of equilibrium of 
rotating liquid, 291 
Japan, frequency of earthquakes, 
118 

Jupiter, satellites constantly face 
planet, 268 ; figure and law of 
internal density, 300 ; Boche’s 
limit for, 327 


Kant, rotation of moon, 258 ; 

nebular hypothesis, 303-5 
Keeler, spectroscopic examination 
of Saturn’s ring, 333-4 
Kelvin, Lord, initiates harmonic 
analysis, 79, 181 ; calculation 
of tidal attraction, 130; tide- 
predicting machine, 211 ; 
rigidity of earth, 233-5, 237 ; 
denies adjustment of earth’s 
figure to changed rotation, 271 ; 
on geological time, 283 
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oonitriietor of tidej-prinlict- 
liM iiiMhlno. 21! 
fiovtl of aoa affiietod hy atino- 
•pliorio proHiuro, 199 
Wiiriinitiiitiir. a form of tide-Kiuigo. 

as 

liowidl, I*,, on rotatiorm of Vcmui 
lint! Mtiroury. 28H 9, 2H4 
I icW" wiitor, NVi? I ligii ’ wator 
Duldaiok, Bir *1., »o»im% on tldon. 

til 

liiinar lido » gcmorating forco 

comparrd with 142 9 ; 

lido, principal, 1H2; olliptio 

tidis 184 5 ; tinns 11)9 
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tiipnit, 2111 
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til Iklio, 72 9 

lliirno Dolo, roMidoiit at Hang' 
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Mara, cliacovory of sattdlitoa, 
281 7 ; Uodhc^’H limit, 92() 

Maxwoll on Haturn*B ring, 921, 
B28«»2 

MtBlitornmoan Btui, tidon in, 
1S8--.9 

M<a*e,ury, rotation of, 2 (;h.-U 

Midoorio conHtitution of Saturn’a 
ring, 994-5 

Motoorological, tidcsH, 189-7; con- 
ditiouH dt^iunulout on uarth’n 
rotation, 274 

IMiurophono m a Hoinmologioal 
initrument, 119 H 

MicroHiiiim, ininuto earthquakes, 
119 5 

Milk worked by the tide, 9H 

Milne on wdsniology, 119, XIB 

Month, ohang(i in, under tidal 
Motion, 24H 9 

Moon and earth, diagram, 85 ; 
tida-giinorating force compared 
with iunk, 142- 9; tide ilue t(^ 
ideal, moving in equator, 
179 7 ; id(Uil sat(dlites replac- 
ing actual, 179; tidal predic- 
tion by nderenocs to transit, 
202-8; ndardation of motion 
by tidal friction, 249 4 ; origin 
of, 254 9; rotation annulkal 
by tidal friction and prcBont 
iibratimi, 25H ; inetiuality in 
motion indieati'H intc^rnal den- 
sity of earth, 272 9 ; eccentri- 
city of orbit incrcaned by tidal 
friction, 28 1 2 

Moore, Captain, illustratiouB oC 
bore, 99 ; stirvt'y of 'iVu(5U- 
i'ang-Kiang, 54 95 


Huai* and spring thh^s in ecjuili- 
brium thiujry, 149; r(q)r(^H(mt(ul 
by principal lunar and solar 
tides, 1H4 

Holmla in Androm(‘da, 909 ; 
descriptimi of various, 911 2 
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NEBULAR 

Nebular hypothesis, 303-5 

Newcomb, S., theoretical explana- 
tion of Chandler’s nutatiouj 
229 

Newton, founder of tidal theory, 
78 ; theory of tide in eq_uatorial 
canal, 156 

Nolan, criticism of tidal theory 
of moon’s origin, 326 

Nutation, value of, indicates 
internal density of earth, 273 ; 
Chandler’s, 227-32 


Obliquity of ecliptic, effects of 
tidal friction on, 278-80 
Observation, methods of tidal, 
6-14 ; reduction of tidal, 191-9 
Orbit of moon and earth, 85-6 ; 
of double stars, very eccentric, 
282 

Pacific Ocean, tide in, affects 
Atlantic, 169-70 

Partial tides in harmonic method, 
181 

Pasehwitz, von Rebeur, on hori- 
zontal pendulum, 118-20 ; 
tidal deflection of vertical at 
Wilhelmshaven, 131 
Pendulum, curves traced by, 
under tidal force, 101-2 ; 
bifilar, 104-13; as seismo- 
logical instrument, 114-5 ; 
horizontal, 118-20 
Petitcodiac, bore in the, 65 
Phobos, a satellite of Mars, 267 
Planetary figure of equilibrium 
of rotating liquid, 290 
Planets, rotation of some, an- 
nulled by tidal friction, 268 ; 
figures and internal densities, 
299-300 

Plasticity of earth under change 
of rotation, 270-2 
Plateau, experiment on figure of 
rotating globule, 285-7 


ROTATING 

Plemyrameter, observation of 
seiches with, 18-21 
Poincar6, law of interchange of 
stability, 294-5 ; figure of 
rotating liquid, 293, 295 
Polybius on tides at Cadiz, 75 
Portsmouth, table of errors in 
tidal predictions, 221 
Posidonius on tides, 73-7 
Precession, value of, indicates 
internal density of earth, 273 
Predicting machine for tides, 
211-7 ; Ferrel’s, 218 
Prediction of tide, due to ideal 
satellite, 181 ; example at 
Aden, 206-8 ; method of com- 
puting, 208-10 ; errors in, 
219-26 

Pressure of atmosphere, elastic 
distortion of soil by, 132-3 
Principle of forced oscillations, 
154-5 

Bebeur. See Pasehwitz 
Eeduction of tidal observations, 

. 191-9 

Betardation of earth’s rotation, 
242 

Bigidity of earth, 232-7 
Bipple-mark in sand preserved 
in geological strata, 275 
Rivers, tide- wave in, 50-4 ; Airy 
on tide in, 68 ; annual meteoro- 
logical tide in, 186-7 
Roberts, E., the tide-predicting 
machine, 211 

Roberts, I., photograph of nebula 
in Andromeda, 306 
Roche, E., ellipticity of internal 
strata of earth, 273 ; theory of 
limit and Saturn’s ring, 321- 
8 ; stability of ellipsoid of, 334 
Roman description of tides, 73-7 
Rossi on Italian seismology, 
116-8 

Rotating liquid, figures of equi- 
librium, 285-301 
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8«lni, boro in ibe, 115 
ioiimology, 121 

Bilincni, obnorvation of tidoi of 
Indian Ooaan, 7it7 
Homioliurnal tklo in (Mpiilibrimn 
thoorj, in0»4O; in harmonic 
motliod, 

Hovern, boro In the, 05 
Hlope of Mttil duo to olaHtie dis- 
tortion, 124 ; ealculalion and 
illuHtraticm of, X*i(i™ 0 
Holar tide * generating foroo 
cutmparcHl with lunar, ,142^2; 
principal tide, IB3; pOHniblo 
affect of tide in anoiBiing birth 
of ntotm, 255 ll ; ByHtoin, 
nebular hypothcmiB an to origin 
of, aOJk 5 ; MyBtoni, distribution 
of mtallites in, n07“*9 
BpoctroHcopic proof of rotation of 
Haturn'H ring, 222 4 
Hpring and neap tides in equi- 
librium theory, 14H ; repre- 
geiited by principal lunar and 
solar tidim, 184 

Htaliility, nature of dynamical, 
25241; of flgurtm of equi- 
librium, 2 hh 0; of Baton’s 
nng,aa() 2 

Btars, double, ecocrntriclty of 
orbits, 2H2 ; theory of evolu- 
tion, aoit Vi 

Htorms a cause of tudches, H7 
Htralm on tidcH, 72 7 ^ 

Hiupart co»operateB in investiga- 
ti<m of siiohiiH, 44 
Hun, tide-generating force of 
comparetl with that of moott, 
142 11; ideal, replacing real 
sun in bamtonie. anal^jHis, IHO ; 
powlblc inlluencoof, In assist- 
ing birth of moon, 255^ 0 
Hiirface tension of litiulds, 28(h.7 
Bwift, eatire on mathematieiaiw, 

Bynthcik of partial tides for 
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TABLES 

Tables, tide-, 200-18 ; method 
of calculating, 208-17 ; amount 
of erroT in, 221-3 
Thomson, Sir W* See Kelvin 
Tidal problem. See Laplace, 
Harmonic Analysis, &o. 

Tide, definition, 1-3; general 
description, 4-6. See also 
other headings; e.g* for tide- 
generating force, see Force 
Time, lunar, 193 ; requisite for 
evolution of moon, 256-7 
Tisserand, Koche’s investigations 
as to earth*s figure, 283 
Tremors, earth-, 113 
Tresca on flow of solids, 270 
Tromometer, a seismological in- 
strument, 114-5 

Tsien-Tang-Kiang, the boro in, 
54-64 


United States Coast Survey, 
method of reducing tidal ob- 
servations, 196 ; tide-tables of, 
201 


Variation of latitude, 227-82 
Vaucher, record of a great seiche 
at Geneva, 16 
Venus, rotation of, 268-9 


WVI-; 

VorticaL See Dtdh'eiion 
Vibrations of lakes, 3H 4H 
Voltaire, satiro on iniithoiiift 
tioians, and Martian Matollit**.’’?* 
265-6 ^ . 

Vortical motion in oceanic ii«h' s 
KiO 


Waves in deep and ohalhnv 
water, 27 ; speeds of, 21* ; 
position of, 31 4; in atino 
sphere, 45 7; forced and 
149 ;of Udeinetjuatorial muial, 
156 ; in canal in high hititnile* 
158 9 ; propagattul northwsid 
in Atlantic, 169 71 
Wharton, Hir W. .L, ilhmtni6«»n 
of bore, 63 

Whewcll on tides, 79 ; empirir al 
oonstrnction of tide tahloi, 

2; on cotidal charts, 171 
Wind, a oanne of seiohos, 87 s 
vibrations of lakes due to, 

9 ; a cauHc of nndet^roltjgical 
tides, 1B7; perturbation of, in 
tidal prediction, 219 2t> 
Woodward on variation cd lati 
tudi, 237 

Wright, Thos., on a theory of 
cosmogony, 303 
Wye, bor© in the, <»5 
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